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Dc electrical resistivity, magnetoresistance, dc and ac 
magnetization, ac susceptibility, critical exponents, and 
crystallization studies have been made on a series of amorphous 
alloys FejjCOjj^Ni^^_^Cr^B^^Si^j, (x = 0, 5, 10, and 15 designated as 
Al, A2, A3, and A4), Fe Co^^Mn Si , (A5), and 

8^°3i . prepared by the melt-quenching 

technique. The samples are in the form of ribbons and are 
ferromagnetic with T^ lying between 170 and 400 K. The motivation 
behind the experiments are to study the following: 

Resistivity minimum at low temperatures is a chara’cteristic 
feature of amorphous alloys irrespective of their magnetic state. 
It is found that the introduction of Cr or Mn in these alloys 
shifts the minima from = 20 K to ^ 200 K. Earlier, the region; 

below the minima was explained on the basis of either the Kondoi 
model or the two-level states. The temperature dependence of 
resistivity given by these models is of the same form, -In T,; 
although the origin of the minima is ascribed to totally different 



mechanisms. One is magnetic and the other is structural in nature j 
respectively. We find that the resistivity, as a function of 
temperature, does not fit into the -InT expression satisfactorily. 
It is now observed that the resistivity minima in many nonmagnetic 
amorphous alloys with resistivity minima at high temperatures and 
magnetic alloys with minima at low temperatures are better 
described by the models based on electron localization and 
interaction theories. We have made an attempt here to explain the 
resistivity minima observed at high temperatures ( T = 200 K) and 
in a ferromagnetic system on the basis of these models. We also 
included magnetic effects. 

In the region above the resistivity minima in ferromagnetic 
systems, it is now widely recognized that the electron-phonon 
interaction alone, without taking into account the magnetic state 
of the alloy, does not describe the resistivity behavior. 
Therefore, additional terms ascribed to magnetic scattering, which 
are of the form or are to be incorporated. Theoretically, 
the leading term is T but the experimental results indicate 
that it can be of either form. With this background we have 
analyzed the region above the minima. 

The ferromagnetic anisotropy of resistance (FAR), obtained 
from magnetoresistance measurements, is discussed in terms of the 
two-current conduction model. Introduction of Cr results in a 
positive high-field slope (1/R dR/dH) at all temperatures. This 
feature is in contrast to the negative slope normally observed in 
ferromagnets . The numerical values of the slopes are also compared 
with the prediction of the model based on electron localization 
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and interaction effects. Magnetoresistance measurements have also 
been made on the mixed phase alloys ( Mn-containing A5 and B5 ) to 
identify the presence of long-range order in these alloys. 

Low-field ac susceptibility (x ) has been done to study the 

Q-C 

low-temperature phase of the samples. The presence of Cr and Mn in 
these alloys gives rise to competing interactions which are 
essential towards the formation of spin-glass-like phases at low 
temperatures . 

The variation of the magnetic moment, as a function of Cr and 
Mn concentration, is discussed on the basis of the virtual bound 
states and the charge transfer model. The modes of thermal 
demagnetization are analyzed from the M(T) data. Necessity of 
terms in addition to the T , in the form of T or Stoner 

single-particle excitations, is discussed. The variations of the 
spin-wave stiffness constant with T_ and Cr concentration are also 
found . 

The influence of disorder, both topological and 
compositional, is easier to study with amorphous materials. It is 
found that the topological disorder does not have any significant 
effect on the exponents. But in the presence of Cr and/or Mn, the 
critical exponents are different from those predicted by the 3D 
Heisenberg model, viz., r-*2, and . Here we study the effect of 
Cr on the critical exponents measured by ac and dc magnetization 
techniques . 

Chapter I of the thesis serves as an introduction to the 
subject. It includes a brief literature survey of the topics of 
study, the motivation behind the present work, and the basic | 
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theoretical background. 

In chapter II, the details of the experimental techniques 
used are given. The dc electrical resistivity are measured by the 
standard four-probe method between temperatures 8 and 300 K. The 
set-up consists of a 7 1/2 digit multimeter, a temperature 

controller, and a closed-cycle helium refrigerator. The data 
obtained were stable up to a few parts in 10**^ A similar set-up 
was used for magnetoresistance measurements along with an 
electromagnet which could provide fields up to 17 kOe. The ac 
susceptibility measurements between 16 and 300 K were done using a 
closed-cycle helium refrigerator, a locally made mutual-inductance 
bridge, and a lock-in amplifier. Suitable coils were made to 
reduce the effect of the demagnetization factor and they were 
placed inside the cryostat. The operating frequency was 3.33 kHz 
and the measuring rms field was 0.1 Oe . For the measurement of 
critical exponents, since the transition regions were well above 
77 K, a separate double-walled glass cryostat was made. The coils 
were wound coaxially on top of the cryostat and were kept 
immersed in liquid nitrogen. The temperature was sensed by a 
copper-constantan thermocouple placed very close to the sample. 
The data were taken while slowly heating the sample and by this 
arrangement it was possible to obtain data every 30 mK apart. The 
dc magnetization measurements between 19 and 300 K were made with 
a set-up consisting of a closed-cycle helium refrigerator, a 
vibrating sample magnetometer (VSM), and a temperature controller. 
The high-temperature magnetization measurements were done using a 
separate oven assembly along with the VSM in the presence of the 
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residual field of the electromagnet. 

The results and discussion are compiled in chapter III. The 
absolute values of resistivity of A1 - A4 are ^ 150 /jOcm and they 
increase with the increase in Cr. The resistance minimum in A1 is 
at 15 K which shifts to 200 K and above on substituting Cr or Mn 
(A2-A5). The depths of the minima are roughly about 1 % . In 

sample Al, in the region above T . , there is a clear evidence of 

TTivn 

the magnetic term oc T^, in addition to the structural term. The 
coefficients of the structural and the magnetic terms match with 
the published experimental results on other amorphous 
ferromagnetic systems. The region below T . , in sample A2-A5, is 

mvn 

analyzed on the basis of electron-electron interaction and 

localization effects. By the method of least-squares fit analysis, 

we obtained three distinct regions where the conductivity (Acr = 

1/2 1/2 

o'(T)-c>'(0)) varies as T , T, and T at low, intermediate, and 
high temperatures, respectively in agreement with the predictions 
of the theory. The magnetic scattering seems to contribute very 
little below T . . The numerical values of the density of states 

rntn 

at the Fermi level and the diffusion constant are obtained from 
this analysis and they compare well with the results reported in 
other systems. 

The magnetoresistance (MR) behavior of the samples A1-A5 and 
B5 exhibits identical results in both the transverse (J u- H) and 
the longitudinal (? II 3) directions. The ferromagnetic anisotropy 
of resistance (FAR) is positive and is about an order of magnitude 
small compared to that of the Fe-B series. A correlation between 
the magnetization and the FAR is obtained which shows that the FAR 
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decreases with the average magnetic moment/atom (/J). Using the 
expression of Campbell et al . [Ap/p = where a = p^/p^ , p^ 

and Pj, are the residual resistivities for the spin-up and 
spin-down electrons respectively], the value of a is calculated to 
be 1 which means p^^ p^. This implies that holes exist in both the 
spin-up and spin-down bands and this is an indication of a weak 

ferromagnet. However, this result is not in agreement with the 

conclusion drawn from the high-field slope measurements. The FAR 

decreases with increase in temperature and vanishes at the 
respective T^'s and is understood on the basis of the increase in 
the thermal fluctuations which compete with the exchange 
splitting. As a result, the two sub-band occupations tend to 
equalize resulting in a fall in c*. The slopes (1/p dp/dH) of Al, 

A5, and B5 are negative whereas the Cr-containing samples (A2-A4) 
have positive slope. The slopes of A2-A4 are large and are 
comparable to those of the other amorphous materials and positive 
at all temperatures. The MR curves are not strictly linear and are 
best described by the equation of the form Ap/p = a + bH + cH* . 
The ratio of c/b = 10”^. The plot of Ap/p versus T/T , at a given 
field, shows a pronounced peak at their respective This 

result is identical to those of the rare-earth containing 

amorphous materials and therefore an attempt has been made to 
understand this observation on the basis of exchange-scattering 
model by Asomoza, Bhattacharjee and Coqblin. The negative slope in 
Al, A5, and B5 is understood, in terms of the localized model, to 
be due to the result of a reduction in the number of magnons as 
the field is raised. The magnon number also decreases with the 



decrease in temperature and therefore in the ferromagnetic regime, 
the magnitude of the slope is expected to decrease with the 
lowering of temperature which is in agreement with our 
observations. An attempt has been made to compare the MR effect of 
samples A2-A4 with the predictions of the electron-electron 
interaction and the localization effects in the presence of the 
spin-orbit coupling. The expressions used in these theories are 
modified by replacing the applied field H by an effective field 
^eff ~ where is the internal field of a ferromagnet 
and is of the order of 50 T. Since H « H. , , the MR expression 
reduced to give Ap/p^ oc H. A reasonably good agreement is obtained 
between the theory and the experiment when this correction is 
incorporated. This approach, also found to be valid in Fe-Cr-B 
alloys, could explain the positive MR observed in these alloys. 

In samples A5 and B5, the FAR below = 60 K becomes nearly 
constant. The magnitude of the slope increases. This behavior is 
unlike that observed in normal ferromagnets where, as we lower the 
temperature, the FAR increases and the magnitude of the slopej 
tends to zero. This is interpreted as an indication for the onset 
of partial breakdown of long-range order, confirmed also from, x 

<XC 

measurements. However, there dxists long-range order even down to 
11 K as the FAR gives a non-zero value. The magnetic phase below 
30 K resembles the mixed phase as envisaged in the Gabay-Toulouse 
model where both the long-range order and the spin-glass phase 
coexist. Signatures of the spin-glass phase are obtained from the 
low-field dc magnetization and time dependence of magnetization. 

The magnetic moment and the T^ decrease identically with the 



addition of Cr. The variation of the magnetic moment with the 
addition of Cr and Mn is discussed on the basis of various models. 
We find that the rate of change of magnetic moment with Cr 
concentration f = d/J/dx -1. The fall in /j, however, could not be 
described by the 'virtual bound state' model which gives fj = fj - 
(Z + 10) where z is the valence difference between the solute 

and the host. We obtain z = -9 whereas actually it is about -3.5. 
The calculation, based on the charge transfer model, does 
reproduce the observed average (J (0.5 A^^/atom). The calculation 
further yields w = -0.83, -0.58, and -0.45 for A2, A3, and A4, 

Cr 

respectively. We also find that on replacing Ni with Mn, 
increases. Similar calculation yields u = 1.48 w . This result 

14 B 

is thought to arise from strong ferromagnetic interaction between 

Mn and Co which overcomes the Mn-Mn nearest neighbor 

antiferromagnetic interaction. Spin-wave analysis is extended up 

3/2 

to 0.5T_. Bloch's T law adequately describes the temperature 

o 

dependence of the magnetization in Cr-containing samples. The 
calculated spin-wave stiffness constant, D, decreases with the 

! 5/2 

increase in Cr. In A5 and B5, additional terms in the form of T 
is found necessary. The results of the fit on including the Stoner 

single-particle excitations are discussed. The value of D scales 

with T^ and the ratio D/T_ 0.27 meV A^/K. When the value, of D is 
extrapolated to T„ = 0, within experimental error, it is found to 
pass through the origin. This result is discussed on the basis of 
the Heisenberg model. 

The values of the alloys with x = 5 

and 10, in the asymptotic critical region, agree with those of the 



other amorphous materials and are consistent with the predictions 
of the 3D Heisenberg model. In contrast, for the sample with x=15, 
the effective value of the exponent ft (0.52) and y (1.79) are 
significantly larger while <5 (4.45) remains the same. The 
difference is ascribed to the formation of magnetic clusters with 
the addition of Cr which leads to the non-divergence of the 
correlation function at and consequently a different set of 
exponent values is found. Further, these results strengthen the 
conclusion that there is no influence of topological disorder on 
the values of the exponents in the critical region. 

The crystallization study shows that the nature of the 
crystallized phase changes significantly with the replacement of 
Ni by Cr. The crystallization temperature increases with the 
addition of Cr. The major phase which crystallizes in A1 is cubic 
Co. In sample A3, distinct appearance of Co^Si is observed. In A4, 
the final phase is paramagnetic and consists mostly of Cr^COj^Si 
and Co„Si. 

In chapter IV, the conclusions are summarized and the scope 


of future work is discussed. 
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CHAPTER I 

Introduction 


1.1 Brief Review 
A. Electrical Resistivity 

The resistivity behavior of metallic glasses is one of the 
most widely and extensively studied topics. A number of relatively 
recent review articles in this area summarize the large volume of 
experimental data [1-4]. The main characteristic features which 
are representative of the transition metal-metalloid type of 
alloys are: 

(i) High resistivity values (p > 100 pOcm ) which implies that 

the mean free path is of the order of interatomic distance. 

(ii) Small temperature coefficient of resistance ( TCR = ot = l/p 

dp/dT) at room temperature which changes with composition. 

(iii) Resistivity minima at low temperatures. 

An analysis by Mooij [5] , based on the study of amorphous and 
crystalline materials, arrived at a correlation between the 
magnitude of the resistivity and the TCR. It was proposed that if 
P of an alloy exceeds 150 pDcm, then it would exhibit a negative 
TCR independent of it being crystalline or amorphous or in liquid 
state. In the review by Mizutani [1] , the correlation between p 
and a is shown to hold good for high resistivity alloys. Mott [6] 
suggested that the presence of d-band holes is responsible for the 
high resistivity and the negative a may arise from the broadening 
of Fermi level. Nagel [7] argued that the sign of a is independent 
of the structure factor. Cote and Meisel [3] also reached at a 
similar conclusion but proved that the sign of a can be solely 
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determined from the expansion of the Debye-Waller factor and is 
independent of the position of 2k^/k^, where k^is the position of 
the main peak in the structure factor S(k). However, a survey of 
Mooij 's analysis [8] has revealed that the above condition is 
based upon insufficient number of data points. In effect, there is 
no single universal value of p (which is shown to vary between 30 
to 400 pCicva. ) and that the correlation between o» and p is 
nonuniversal , contrary to the original suggestion of Mooij. It is 
assumed that the nonuniversality has its origin in electron 
localization effects which play a major role in determining the 
sign of the TCR in 3d disordered materials. 

TemperatMTG dependGncG of rosistancG 

It is observed that the low value of c*. and the high value of 
P are the characteristics of the amorphous phase. In one of the 
early experiments, reported [9] on metglasses 2826 and 2826A, it 
is found that a drastic change occurs in the magnitude of both a 
and p upon crystallization. Also, the value of p in the 
crystallized phase is considerably less 70 A^Ocm ) than that in 
the amorphous phase and the value of a is large, similar to that 
observed in crystalline materials. 

A resistance minimum is invariably observed in these metallic 
glasses, independent of its magnetic state, often at rather low 
temperatures (~ 10 K). The resistivity minimum has been a subject 
of controversy, especially its possible origin. We would emphasize 
this later in the text. In the region above the minimum the 
resistance varies with temperature quadratically at low 
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temperatures (T < 50 K) and linearly near room temperature. The 

suggested explanations for these common characteristics include 

the localized spin fluctuations [10],. Mott s-d scattering [11] and 

the generalized Ziman theory [12-15]. The generalized Ziman 

theory, also known as the diffraction model, has taken into 

account the scattering of electrons by the ion cores that carry a 

muffin-tin potential and also the change in the shape of the 

structure factor S(k) as T is varied [3,16]. All these theories 

reproduce the experimentally observed [1,17-20] T^ behavior at low 

temperatures and linear in T at higher temperatures. 

In crystalliue f erromagnets the interaction of the conduction 

electrons with the magnons of the localized spin system at low 

2 

temperatures gives rise to a T dependence of p [21-23]. Since 

mag 

most of the alloys were ferromagnetic in the region of temperature 
where resistivity analysis was done and they supported spin waves, 
it was expected that an evidence of the electron-magnon scattering 
might be found. One group of experimental results infers that the 

2 3/2 

magnetic term is proportional to T [24-27] and the other T 
[28-32] . Though a clear consensus on the exponent of temperature 
dependence (whether, it is 2 or 1.5 ) of p (T) has not been 

tnog 

arrived at experimentally, nevertheless, these reports show a 

clear necessity of magnetic terms over and above the 

electron-phonon term. This result also reveals the general 

2 

inadequacy of the diffraction model. The magnitude of the T 
coefficient, observed in amorphous f erromagnets, agrees well with 
those found in crystalline ferromagnets (Fe, Co, Ni and their 
alloys) [33-34]. From this agreement it is concluded that the 



quenched disorder does not practically influence the coherent 
electron-magnon scattering contribution to p [25]. Further, there 
are other reports [35] that p (T) does not contribute at all. 
Theoretically, a model based on a structurally disordered 
Heisenberg ferromagnet predicts that the spin-disorder resistivity 

3/2 

varies as T [36] . 

The existence of a term ascribed to ferromagnetic order is 
very much in evidence from the published experimental results. 

2 3/2 

This term is of the form T or T .We study this behavior in one 
of the alloys having T^ == 400 K and T . ^5= 20 K in order to find 

the temperature dependence of the magnetic term. We find a clear 
necessity of a term of the form T^ over and above the 
electron-phonon term as predicted by the diffraction model. We 
relate the observed T term with the magnetic contribution which 
is in agreement with some of the experimental results but in 

3/2 

contradiction to the theoretically predicted T as the leading 
magnetic term. 

Resistivity Minimvm. 

The interpretation of resistivity minimum in amorphous 
materials has been a controversy-ridden subject and is of immense 
interest as to the nature of interactions responsible for this 
minimum. In the early reports, in the region below the minimum, it 
was concluded that p(T) varies as -InT. A InT dependence of p is a 
characteristic signature of Kondo phenomenon [37] observed in 
dilute magnetic alloys. In terms of Kondo theory, a InT dependence 
is a manifestation of the dynamical nature of the magnetic spin 



5 


system; in other words, the spin system needs to possess an 

internal degree of freedom, e.g., spin flipping to produce the InT 

anomaly. How can one observe a Kondo anomaly in ferromagnets 

where, because of the exchange interaction, a long-range order 

among the spins exist. Meanwhile, Cochrane et al. [38] proposed a 

theory based on effects derived from the configurational 

indeterminacy in the atomic arrangement of amorphous alloys. The 

basic idea behind this theory is that there are two nearly 

equivalent atomic configurations which a certain number of atoms 

can take, e.g., represented by a double-well potential. At low 

temperatures, the atoms or groups of atoms tunnel back and forth 

between these two minima. This theory also arrives at a 

2 2 

temperature dependence of the form -ln( T 4 A ) where A is of the 
order of 0 . 1 meV. The two theories, though practically identical 
in formalism, attribute the minimum to two completely different 
mechanisms, one to magnetic interaction and the other to 
structure . 

The experimental results were equally confounding and made it 
very difficult for one to choose one in favor of the other as the 
following observations would show, (i) The appearance of minimum 
is associated with the presence of magnetic impurities, i.e., 
local moments. Very pure a-Pd-Si does not show a minimum, (ii) The 
position of minimum is dependent on the concentration of 
impurities. The presence of Cr and/or Mn is known to shift the 
position of the minimum to as high as room temperature and beyond 
[27,39-41]. (iii) The range in temperature of the InT region is 
independent of the ferromagnetic order, (iv) The application of 
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magnetic fields as high as 60 kOe does not change the slope of the 
P versus InT plots [42-43] . 

Sharen and Tsuei [44] put forward an argument on the basis of 

Mossbauer effect studies on Fe-Pd-P alloys to explain the possible 

existence of free spins in ferromagnetic alloys. They found that 

though the distribution of internal fields P(H) peaked at a high 

field H„, it had a long tail below H which extended to zero 
o o 

field. In other words, there were a number of spins which 
experienced zero internal field and thus met the criterion for an 
orthodox Kondo scattering. Similar suggestions were also made, on 
the basis of Mossbauer studies, by Chien [45] and Wieser et al . 
[46]. Grest and Nagel [47] have given a theoretical justification 
to the existence of the tail extending to negative exchange 
fields. They have calculated P(H ) which has the properties of 
amorphous ferromagnets mentioned above including direct exchange, 
RKKY interaction and the super-exchange between next 
nearest-neighbor magnetic atoms separated by a metalloid atom. 
This explanation for the observed InT dependence has been used by 
several experimental groups [39] 

A new consensus seems to be emerging which suggests that the 
nearly-f ree-electron (NFE)-based models and in particular the 
Ziman model [12], do not appropriately describe the transport 
phenomena in high resistivity materials. The NFE-based models are 
good when the mean free path of the electron is large enough 
compared to the atomic spacing or to k^^.* or when k^^l » 1, where 
is the Fermi wave vector and 1 is the mean free path and where 
between scatterings, classical trajectories describe the motion. 
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But when k 1 ~ 1, interference of scattered waves from different 
centers takes place and, as suggested [48,49], the classical 
equations are inadequate. This, then, leads to the localization of 
the electronic wave functions [50] and the conductivity is zero at 
T = 0 K. 

In transition metal-containing metallic glasses, 
resistivities are of the order of 100 fJOcm and greater. The mean 
free path, calculated from the Drude formula, is of the order of 
the interatomic distance. In this condition the motion of 
electrons between scatterings is described as 'diffusive' 
(diffusing from ion to ion in a random manner) rather than 
ballistic. This necessitates the use of theories which take into 
account the interference between the scattered waves, viz., the 
localization and interaction theories. 

Due to short mean free path of the electrons, there arises 
two effects referred to as 'weak localization' and 'interaction 
effects'. The detailed theoretical treatment and the references 
are given in the review articles by Lee and Ramakrishnan [51] and 
Altshuler and Aronov [52]. This theory predicts that, in three 
dimensional systems, the correction term to the conductivity would 
have a temperature dependence of the form Aa (o'(T)-o'(0) ) oc T, T < 
0^/3 and Aff oc T for T > where 6^ is the Debye 
temperature, in the weak localization regime. Due to the 
interaction effect, at still lower temperatures, A<y varies as 
T . This particular form of the temperature dependence in the 
weak localization regime actually arises due to the inelastic 
electron-phonon scattering process which in this case enhances the 
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conductivity . 

The temperature dependence of resistivity of a number of 

magnetic metallic glasses has been explained on the basis of the 

predictions of this model and is in good agreement with them (for 

review see [2,53]). Of late, the minimum in resistivity at low 

temperatures, observed in transition metal-based glasses, is 

identified with the onset of localization effects. Rapp et al. 

[54] have reanalyzed the data on a number of TM-M type alloys and 

1/2 

concluded that a relation of the type R = R^(1-BT ) fits better 

1/2 

than the -InT one. The -T dependence is interpreted in terms of 

the interaction theories. Similarly, other reports [24,55,56] on 

magnetic as well as on non-magnetic alloys show that the region 

1/2 

below the minimum is well-described in terms of the -T 
relation. Cochrane and Storm-Olsen [55] have shown that most of 
the metallic glasses follow the empirical rule 
©■(T) - O' (0) = (500 ± 100 )t‘''^ (nm)"'^. 

Thus we observe that controversy really shrouds the origin of 
the resistance minima which are characteristic features of most 
metallic glasses. Measurements and interpretations based on 
localization and interaction theories have only been made on 
nonmagnetic simple metallic glasses and ferromagnetic ones with 
low temperature minima. Here, we analyze our data for a series of 
ferromagnetic glasses, where by continuous Cr or Mn substitution, 

T . could be shifted to higher temperatures. We have made an 
attempt to explain the results below T . along lines similar to 

Tntn 

those adopted in the case of nonmagnetic glasses but included 
magnetic effects as well. 
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B. Magnetoresistance 

The general features of magnetoresistance (MR) of a 
ferromagnet are: 

(i) At low fields, a large anisotropy is found which is due to the 
result of spin-orbit coupling and s-d scattering [57] . The 
ferromagnetic anisotropy of resistance, FAR, is defined as 
(p,. -p )/p^, where p^ is the electrical resistivity in zero 
internal field (H. ,) and p„ and p, are the longitudinal and 
transverse magnetoresistivities extrapolated to 

H, =0. FAR is a measure of this anisotropy and is an inherent 

<3817)0.0 

property of the alloys studied. It is large at low fields and it 

decreases with increasing temperature and finally disappears at T 

= T . 
c 

(ii) The slope of the high-field MR ( 1/p dp/dH = d/dH (Ap/p)) is 
negative, i.e., the resistance decreases with increasing field. At 
T« T^ , the magnitude of the slope is nearly zero and it 
progressively increases as T^ is approached. This behavior is 
attributed to the electron-magnon scattering. At low temperatures, 
the number of magnons is less and so there is less electron-magnon 
scattering and consequently the slope is nearly zero. With the 
increase in temperature, the number of magnons increases resulting 
in a negative slope. 

Both these features of FAR and the high-field slopes are 
common to both crystalline and amorphous phases. The magnitudes of 
both are significantly different in the two phases. The magnitude 
of FAR averages to about 0.5 X in amorphous materials [58,59] 
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whereas in crystalline systems it averages between 10-15 % 
(experimental results cited in [60,61]). Similarly, the slopes in 
amorphous materials are smaller than those in the corresponding 
crystalline materials. Room temperature measurements of FAR 
suggest that it is closely related to the saturation magnetic 
moment (/j) per transition metal atom at 0 K, i.e., FAR = Am"", 
where A and m are temperature-dependent parameters [62-64] . The 
value of m is obtained between 1 and 27. However, results of Kaul 
and Rosenberg [65] show that the above relation does not hold good 
for (FeNi )_ (P-B )_ alloys. A correlation between the FAR and the 

80 ZO 

transport characteristics, such as the resistivity at 300 K and 
the temperature coefficient of resistance (TCR), is found in the 
case of the low resistivity crystalline and amorphous 
Fe-Co-Ni-based alloys [66]. 

The model proposed by Campbell, Fert, and Jaoul (CFJ) 
[60,61,67], based on the mechanism suggested by Smit [57] on 
parallel current conduction, finds a more universal acceptance in 
explaining the concentration and temperature dependence of FAR in 
dilute Ni-based and Fe-based alloys. In this model, s-electrons 
are solely responsible for the conduction process and spin-up and 
spin-down electrons conduct in parallel. They are scattered into 
either an s-band (p ) or a d-band (p ,). It is assumed that p , > 

88 8(3 8C3 

P . Due to the exchange splitting the d-band splits into d* and 
88 ' 

d 4 ,-bands. In the presence of spin-orbit coupling a mixing of d.^ 
and dj, occurs at the Fermi surface. The FAR is a consequence of 
d,f.-d 4 , mixing which is anisotropic because the magnetization 
direction provides an axis for the spin-orbit perturbation, the 
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magnitude of which is largely dependent on the ratio of p^/p^. 
This model has also been used to distinguish between strong and 
weak ferromagnetism [61,65]. 

This theory, however, is criticized (see for review [68]) for 
taking a very simple atomic d-state model into account and not the 
realistic band structure. Also, this model is shown [68] to fail 
in explaining the dependence of FAR on exchange field H, as H -* 0, 
in weak f erromagnets . The theories, based on band structures 
[69,70], produce complex results and do not satisfactorily explain 
the behavior [65]. A modification of the model by CFJ has been 
proposed [71] for the case of amorphous metalloid-containing 
alloys and weak f erromagnets , where P^^ is estimated to be equal 
to p -. The derived formula, though semi-quantitatively explains 

sd 

the observed behavior of Ap/p versus x for amorphous alloys, 
relies on too many simplifications. 

We study the FAR of the present series of alloys, as a 
function of Cr concentration and temperature. The results are 
discussed in terms of the model based on two-current conduction 
(TCC). 

Contrary to the expected observations in ferromagnets, it is 
found that certain amorphous magnetic alloys, particularly those 
containing Cr exhibit a positive high-field slope of the 
magnetoresistivity p *dp/dH [39,58,72-80] in the ferromagnetic 
regime. The high-field slopes, beyond the technical saturation in 
both the orientations of magnetization, are positive and linear 
and within the experimental error are identical in value . An 
addition of as little as 1 at . % Cr in Fe_B,^ is found to change 

0O ZO 
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the slope from negative to positive. Jn the absence of a proper 
theoretical justification for such a behavior, the experimental 
results [73,76,78] are discussed qualitatively on the basis of the 
interpretation of Hake et al . [81], which uses the model of Grest 
and Nagel [47] on the distribution of effective internal magnetic 
field P(H According to this model, the shape of the PCH „) 
distribution, which extends to negative exchange field, is not 
changed on application of an external field and it only translates 
the distribution to higher fields. The sign of the 
magnetoresistance depends upon the sign of dP(H _,.,)/dH at H. , = 
0. Thus a positive slope in Cr-containing alloys implies that 
dP(H^j.^)/dH is positive. However, the experimental results for 
detecting the sign of P(H are difficult to interpret due to 
uncertainties in the low-field measurements [73,78]. 

The positive slope in magnetoresistance has also been 
observed in rare-earth containing amorphous materials, viz., NiGd 
[82,83] and HoCoB [84,85] and other alloys e.g., FeZr [86,87]. 
Some of these results are discussed on the basis of coherent 
scattering exchange model of Asomoza et al. [88] and Bhattachar jee 
and Coqblin [89] . The principal result of these models is that the 
slope of the magnetoresistivity is proportional to M at 
temperatures far away from T^. Experimental results show that AR/R 
versus T peaks at T^. This is explained to arise from the 
divergence of susceptibility at T_. An external magnetic field 
will create substantial alignment and therefore generate a large 
magnetoresistance . 

Explanation of magnetoresistance of non-magnetic glasses on 
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the models of weak localization and interaction effects has been 
fairly successful (for review see [2,53]). The magnetic field 
suppresses the localization effect. The theoretical model by 
Altshuler et al . [90] predicts a variety of magnetoresistance 

behavior including both positive and negative magnetoresistances. 
It is shown that, in the presence of weak spin-orbit scattering, 
i.e., when t ‘ « t/, where t and t, are the relaxation rates 

SO t SO t 

for spin-orbit scattering and inelastic scattering respectively, 

the MR is negative and is proportional to -H^ at low fields and to 
1/2 

-H at higher fields. When the spin-orbit scattering is stronger 

than the inelastic scattering , the MR is positive at low fields 

and negative at higher fields. The correction to the 

magnetoconductivity, due to the localization effect, is shown to 

1/2 

be equal to 0.818 H mho/cm, where H is in kOe and is valid at 

very high fields [81]. In the electron interaction picture, the 

magnetic field produces a difference in energy between the spin-up 

and spin-down electrons, i.e., the Zeeman spin splitting. This is 

shown to give a correction to the magnetoconductivity which goes 
1/2 2 

as H at high fields and H at low fields. The contribution from 
the normal magnetoresistance, arising from the Lorentz force and 
described by the Kohler's rule Ap/p = F(H/p), is estimated to be 
negligible in comparison to those from the above terms. 
Experimental evidence of the effect of the spin-orbit coupling and 

the inelastic scattering has been there in Cu-Zr [92] and Cu-Ti 

[93] systems among others (for review see [2,53]). The 

verification of the above results on ferromagnetic systems has not 
been done extensively. High field (^ 39 kOe) MR studies on 
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ferromagnetic Fe-B-C system [94] indicate the existence of -H 

2 

term, on the basis of x fit analysis between 5 and 39 kOe, and 
its coefficient is in quantitative agreement with the theory of 
Kawabata [91]. However, similar analysis on Fe-Cr-B [39] to 
explain the change of slope of magnetoresistance from negative to 
positive, on addition of Cr was not successful. 

The positive high-field slope of MR of the Cr-containing 
alloys in the present study is discussed in terms of the model of 
Bhattachar jee and Coqblin [89] for rare-earth containing metallic 
glasses and localization and interaction effects. The models based 
on the quantum correction effects explain very satisfactorily the 
positive and negative magnetoresistance in non-ferromagnetic 
samples. We have made an attempt here to analyze the 
magnetoresistance behavior of these ferromagnetic samples taking 
into account the internal magnetic field. 

MR is also used as a tool to study the nature of interactions 
over distances of the order of the mean free path. The slope 
p~*dp/dH of a ferromagnet tends to zero as T/T^ -► 0. However, 
alloys with competing interactions are found to go to a phase 
where long-range order coexists with the spin-glass phase as 
predicted by the model of Gabay and Toulouse [95]. The 
irreversible effects associated with the magnetization behavior of 
spin-glasses are observed in this phase. MR studies reveal that 
the slope p~^dp/dH increases as the system enters a mixed phase 
[96,97] from a ferromagnetic one. This increase is associated with 
the increase of random uncorrelated components and breakdown of FM 
order which results in increase of high-field susceptibility. 
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We have studied 

the 

MR 

of alloys 

exhibiting 

mixed 

phase 

characteristics. The 

FAR 

and 

the slope 

in these 

alloys 

show 


behaviors different from those normally observed in ferromagnetic 
systems. We have tried to correlate this observation with the 
onset of collapse of long-range order. 

C. Magnetization 

To make this write up logical and brief, we restrict to 
alloys in the ribbon form prepared by melt-quenched techniques and 
having nominal composition of the type TM^ , where TM and M are 
the transition metal and the metalloid respectively. The magnetic 
properties of ferromagnetic glasses have attracted wide attention 
from both physics and engineering disciplines. The 'soft' magnetic 
characteristics coupled with the mechanical properties exhibited 
by these materials are harnessed for a variety of technological 
applications. It is argued that some of these materials are more 
efficient as well as economical replacement for the existing 
conventional crystalline alloys in transformer cores [98]. While 
the choice of these materials as a viable alternative in 
industrial and domestic applications is debated upon, the 
fundamental aspects of magnetism in glasses are fairly well 
studied. A number of review articles [99-103] discuss the various 
aspects of the problem. 

Broadly speaking all of the various features observed in 
crystalline systems are manifested in amorphous systems as well 
viz., existence of magnetic moment, spin-waves, well-defined 
critical exponents, spin-glass and mixed phases, etc. In all these 
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observations, the role of structural disorder is very subtle and 
has been an object of study. The magnetic properties are found to 
be sometimes more sensitive to the various types of short-range 
order (SRO) than to the lack of periodicity [100]. The role of 
various preparation techniques and its effect on the magnetic 
properties is less than clear [100]. The influence of the 
structural disorder on the low-temperature average magnetic moment 
(/j) does not appear to exist. A comparison of the experimental 
results on amorphous and compositionally identical crystalline 
alloys such as [104], [105], Fe^B [106], and 

Fe_Si„ [107] indicates that the magnitude of m remains practically 
unchanged. Also, it is observed that upon crystallization of these 
alloys on heating, the magnetic moment changes by only a few 
percent [108]. The T^, however, decreases appreciably as a result 
of amorphocity. This shows that the T^ is very sensitive to the 
detailed atomic configuration. 

The data on the effect of the metalloid variation [109,110] 
suggest that the glass-formers (metalloids) can be grouped into 
two categories: (i) Substitutional (P,Si,Ge) which lowers the mass 
density appreciably and (ii) Interstitial (B,C) which lowers the 
density weakly. The members of the latter group suppress and T_ 

c 

more than the former. The addition of metalloid to Co, Ni, and 
Fe-based metallic glasses brings about a change in the behavior of 
the magnetic moment in these three alloy systems differently. The 
magnetic moment of pure Co, deduced from bulk magnetization 
measurements on Co-metalloid alloys, matches with that of 
crystalline Co. A small difference appears in the case of Ni-based 
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alloys while in Fe-based alloys anomalies appear in the variation 

of T on metalloid concentration. While T extrapolates to room 
c c 

temperature for amorphous Fe, the magnetic moment changes between 
0 and 1 AJ_/Fe at . % (A detailed discussion is given in [100]). 

The variation of the magnetic moment with the substitution of 
one transition metal by another falls on a curve equivalent to the 
Slater-Pauling curve for the crystalline Fe, Co, and Ni alloys 
[111]. It is observed that the well-known triangular shape of the 
Slater-Pauling curve is maintained, i.e., the right-side has a 
downward 45*^ slope and the left-hand side has an upward 45*^ slope. 
The difference between the curves for the amorphous and the 
crystalline alloys is on the right side, i.e., (Z. - Z, ,) 

tmpurtty nost 

> 0, where Z is the chemical valence. The curve, though parallel, 
is displaced to lower Z in the case of amorphous alloys and is 
often cited as the displaced Slater-Pauling curve. The initial 
explanation of this displacement was in terms of the 
'charge-transfer' model [102,112]. The charge-transfer model is 
actually a special case of the rigid-band model [113] in which the 
host bands ^re rigid and the metalloid bands are ignored. The 
rigid-band model presumes that the d-bands as well as the sp-bands 
of the alloy components form common bands, invariant under 
alloying. These common bands are filled according to the chemical 
valence. For conventional strong magnets it assumes that the 
spin-up d-band is full. In this approximation, an empirical 
relation for the variation of the average magnetic moment in an 
A, B alloy is written as 



18 


where is the moment of the matrix, Z„ and are chemical 

valences of B and A respectively, and x is the concentration. This 
expression holds good for several binary crystalline alloys and 
also amorphous alloys which follow the right-hand side, downward 
sloping portion of the curve. Similarly, the left portion of the 
curve is described by a relation 

= f'A 2, - Z^). 

Though this theory could explain the variation of the moment in 
Fe-Ni, Fe-Cr, Co-Cr alloys, subsequent sophisticated experimental 
techniques showed that the bands were not rigid even for single 
systems and its "success based on cancelling mistakes" [114]. The 
above simple expressions are observed to hold for small 
concentrations of impurities that weakly perturb the periodic 
potential of the matrix ( jZ 1 1 ) [115]. However, this model 

fails for IZi ^2. Experiments on Co„^ T glasses (T = Fe, Mn, 
Cr, V) [115] show that Friedel's virtual bound state approximation 
[116] holds good for Cr and V containing alloys and are able to 
account for the sharp fall in the moment with the addition of 
these impurities. The above theory is able to explain the 
variation of moment on replacing a transition metal with another. 
However, on replacing the transition metal with metalloid, 
modifications to the charge-transfer model are suggested to 
account for the contribution from the s and p bands [114,117]. 

We study the effect of the variation of Cr, in essentially 

the pseudobinary alloys Ni Cr and Ni Mn , on the magnetic 

moment and the T . We discuss the fall in the moment of the alloy 

c 

with the increase in concentration of Cr on the basis of the 
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charge-transf er model and Friedel's virtual bound state 
approximation. We also observe that substitution with Mn, in 
contrast, increases the moment of the alloy. The results are 
discussed on the basis of the above models. 

The temperature dependence of magnetization (M(T)) is 
explained largely in terms of the spin-wave excitations which, at 
low temperatures, follow the well-known Bloch equation [118] 

MCT) = M(0)[ 1 - - ]. 

The term originates from the harmonic (q*) term and the 

term from the (q*) term in the spin-wave dispersion relation. The 
above result for long-wavelength spin-waves was first obtained by 
Bloch [119] utilizing the Heisenberg hamiltonian for spins on a 

3/2 

lattice. The T dependence of magnetization is shown to be true 
even for a continuous medium [120]. At low temperatures, only a 
few spin-waves are excited and they can be treated as bosons. The 
number of spin-waves n = phase volume/volume of a unit cell = 

3 3 3 2 

(4n/3)(Lq) / (2nh) is proportional to q . But, since Jq ~ T, n is 

3 3/2 

proportional to (T/J) or (T/T ) . The existence of spin-waves 

c 

in amorphous materials has been confirmed directly from magnetic 

inelastic neutron-scattering measurements on and 

(Fe Mo ) B P [121,122], Co P [123], Fe B Si and 

Fe,^Ni^B^P^ [124] and (Fe Ni^ [125]. Due to the 

absence of reciprocal lattice vectors in amorphous solids, all 

measurements were confined to the small-angle scattering region. 

In the long-wavelength limit, the spin-waves obey the quadratic 

dispersion relation of the form 

E = Dq*, 
q 
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where D is the spin-wave stiffness constant. The values of D, 
obtained from the magnetization measurement, do not differ from 
those obtained from neutron-scattering measurements in non-invar 
metallic glasses [103]. However, in Fe-rich glasses the difference 
is found to be as much as a factor of 2 [103,126], which shows 

that modes of excitation other than the spin-waves , i.e., Stoner 
single particle-type excitations also contribute to the 
demagnetization process. 

The temperature dependence of the magnetization is found to 
follow identical relations in both the crystalline and the 
amorphous alloys but with the following differences. In amorphous 

3/2 

alloys, it is found that the T dependence holds good for a much 
larger range of temperature ( ^ *5.5T^ ). The coefficient of the 

3/2 

T term is, in general, larger than that of the corresponding 
crystalline system. Majumdar et al. [127] compares the data of 
crystalline Fe with a-Fe„^B..^ and finds that the coefficient of 
the latter exceeds by a factor of '' 5. Since this coefficient of 

3/2 

T is related to the stiffness constant, this then implies a 
smaller value of D. In a phenomenological model, proposed by 
Simpson [128], it is explained that the increase of this 
coefficient in amorphous systems is a consequence of simultaneous 
effect of structural disorder and s-d exchange fluctuations. The 
T term is associated with the quadratic term of the energy 
dispersion relation ( a different interpretation for this term is 

3/2 

given in [123]) and is found to be small compared to the T term 
in the whole range of analysis [127,129-131]. The ratio of 
C /B for Ni is of the order 1, whereas for amorphous 

5/2 3/2 
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f erromagnets , it is only about 0.3. In crystalline f erromagnets 
the ratio of C/B provides a measure of the range of magnetic 
interaction [118,132]. The result of small C, /B„ in amorphous 
systems suggest that the mean exchange interaction has a shorter 
range than in crystalline systems, i.e., the exchange interaction 
does not extend much beyond the nearest neighbors. This also means 
that the q* term provides an insignificant contribution. In 
general, the experimental results on the magnetization of 

3/2 

amorphous alloys are well represented by the T term alone. When 
the temperature dependence of D is also taken into consideration 
[133-136], in the low-temperature limit, D(T) is found to vary as 
D(T) = D^( 1 - D^T^ - 

3/2 5/2 2 

This yields, in addition to the T and T terms due to q and 

4 7 /2 4 

q term in the dispersion relation, a T and/or a T term 

depending on the temperature dependence of D. 

In addition to the spin-wave excitations, Stoner 
single-particle excitations contribute to the thermal 

demagnetization which is given in the form [137] 

AM = AT^exp ( -A/k„T) 

Sp B 

which reduces to the expression [138] 

AM = AT* when a = 2 , A = 0 

sp 

and 


AM = AT^^'^exp (-A/k„T) when a = 3/2 , A 0 

sp B 

for weak and strong f erromagnets, respectively. 

Babic et al. [139] find the presence of Stoner terms ( A 0) 
together with the spin-wave terms from the magnetization data of 
F® Ni„^ B^„Si, and . 

X 0O-X IS 2 SO 20 


The values of A obtained are between 
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20 and 60 K. 

The influence of Cr and Mn in Fe and Co-rich glasses 
[139-142] and crystalline materials [143,144] on the magnetization 
process has received considerable attention. The magnetic moment. 
Curie temperature, and average hyperfine field of the alloy 
decrease on addition of Cr and Mn but there exists a difference. 
While substitution with very little amount of Cr produces a drop 
in the moment, it is found that in the case of Mn it actually 
increases. This behavior is found to be common in both Fe and 
Co-rich glasses. However, recent Mossbauer study on a-Co-Fe-B-Si 
alloys shows that there exists a striking difference in the 
hyperfine parameters between Mn doped Fe- and Co-rich alloys 
[145]. The M(T) study of Fe-Cr-containing glasses show that the 

3/2 

T law holds good in these alloys [143,144,146]. Additionally, 

2 

the presence of Stoner excitations in the form of T is detected. 

This is found to increase with increase in Cr. The data of Aldred 

[143] show that the spin-wave stiffness constant, which decreases 

with increase in concentration of Cr, has a temperature dependence 
2 

of the form T and is found to decrease with increase in Cr 
concentration . 

We study the effect of Cr and Mn on the temperature 
dependence of magnetization. If the thermal demagnetization is 
only through the T term or additional terms due to anharmonic 
terms in the spin-wave dispersion relation, temperature dependence 
of spin-wave stiffness constant and/or Stoner single particle 
excitations are required to explain the results. The dependence of 
spin-wave stiffness constant on T^ is also investigated. 
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The magnetic phase diagrams established for alloys 
(Fe^ Mn A1 [147,148] and (Fe . Mn )„Si_B,„ (where M = 

V,Cr,Mn,Hi) [149] show the existence of a spin-glass-like phase at 
low temperatures in these alloys. The alloys, on cooling, undergo 
a paramagnetic (PM) to ferromagnetic (FH) transition and on 
further cooling, at a characteristic temperature (T^,^), the 
ferromagnetic order disappears and the resulting phase exhibits 
features associated with the classical spin-glass system. Those 
alloys which exhibit this double transition are also known as 
reentrant spin-glass systems (RS6). This type of behavior has been 
observed in a wide variety of materials such as polycrystalline 

c 0 

metallic alloys Fe^_ Cr [150], Fe Au^_ [151], Mn Ni^_ [152], 

X X jI*”X X jL^X 

0 

and Fe„^ Ni Cr„^ [153] and amorphous metallic alloys 

80-X X 20 

(Fe Ni [154] and (Fe Ni, ),„SiB„ [155], crystalline 

X 1-X 0O 14 X l~x 70 O 19 • 

semiconductors Eu Sr^ S [156], EuS Se^ [157] and Eu^ Gd S 
[158] and insulators KMn Zn F [159] and CdCr In S [160]. 

The nature of transitions is studied through a number of 
experimental techniques including ac susceptibility, dc 
magnetization, thermoremanent magnetization, hysteresis loop, 
magnetic viscosity, pressure dependence of low-field ac 
susceptibility, temperature dependence of ferromagnetic resonance 
line width, Mossbauer spectroscopy, small angle neutron scattering 
[101], frequency dependence of the ac susceptibility [160], etc. 

There are two types of problems associated with the 

low-temperature reentrant transition which are most debatable. 

(1) The nature of transition ,i.e., whether it is at all a phase 

transition or not, the order of transition, the critical exponents 
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associated with the transition [148], etc. 

(2) The ground state of the low-temperature phase of the 
ferromagnetic metallic glasses which are reentrant, i.e., whether 
it is a pure spin-glass phase with no long-range order or in this 
phase both spin-glass order and long-range order coexist. 

Edward and Anderson [161] first showed the existence of 
the low-temperature spin-glass phase. Their study was based upon 
classical Heisenberg hamiltonian with exchange interactions 
varying randomly over a Gaussian distribution centered at zero. 
They predicted that, below a certain critical temperature, the 
system would have a magnetically ordered state in which the spin 
directions at any site are frozen, even though on the average, 
there would be no spatial correlation. Sherrington and Kirkpatric 
[162] later showed the existence of both the spin-glass phase and 
the ferromagnetic phase by considering an Ising model in which the 
spins are coupled by infinite-ranged random interactions 
independently distributed with a Gaussian probability density with 
a non-zero mean. This model also studies the influence of an 
external field H on magnetic susceptibility. The evidence for the 
existence of a mixed phase, apart from the para, ferro, and 
spin-glass phases, was shown by Gabay-Toulouse [95]. The mixed 
phase is characterized by the coexistence of a spontaneous 
longitudinal magnetization and a spin-glass ordering of the 
transverse components of the spins. 

Experimentally it has been found difficult to study the mixed 
phase region. It is found that this phase is very susceptible to 
the application of an external dc magnetic field, and a field as 
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low as 10 Oe, is found to either suppress this phase or shifts the 
critical temperature very appreciably to further lower 
temperatures [146,147], 

D. Critical Exponents 

The nature of phase transition in disordered materials has 
been an area of study which has attracted considerable attention, 
both in the theoretical and the experimental fronts [163], 

Theoretical understanding is divided on the issue of the role of 
disorder. Fisher [164] has shown that, in systems with annealed 
disorder, the critical indices are not influenced by the disorder 
if the specific heat exponent a < 0. Based on phenomenological 

arguments, Harris [165] has put forward a criterion: if the 
specific heat exponent a < 0 for an ordered system, the critical 
exponents would remain unchanged in the presence of weak, 
spatially random disorder. Renormalization group theory-based 
calculations [166,167] also arrive at the same conclusion. There 
are, however, other theoretical calculations [168] which 

contradict the above conclusion and suggest that the critical 

indices of the system with a < 0 will depend on the amount of 

quenched disorder present. A new set of fixed points is suggested 
when the systems are close to the critical concentration, x^, for 
the appearance of long-range ferromagnetic order. In the limit 
x-*x^, the numerical values of the indices are oi=-l, /?=0.5, >'=2.0, 

and <5=5 for the exponents of specific heat, magnetization, 
susceptibility, and isothermal magnetization respectively. 

It has been shown [169] by careful experimentation and data 
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analysis that the value of the exponent y agrees exactly with the 
theoretically-predicted value for 3D Heisenberg system [170] in 
the asymptotic critical regime (ACR), if proper corrections are 
made to the experimentally measured value of r. The correction 
parameters have their origin in the higher order derivatives of 
the Gibb's potential. A survey of experimental results supports 

the view that the phase transition in amorphous materials is not 

influenced by the topological disorder and behave in the same 
manner as homogeneous crystalline systems. The influence of 

disorder is mainly at temperatures beyond the true critical 

region, i.e., in the intermediate region between the mean-field 
and the ACR, where ^(T) describes a nonmonotonic behavior (for 
review see [171]). 

Experimental results on amorphous systems containing Cr or 

Mn, around the critical .concentration x^, however, are different 

[147,172]. It is found that as x-^x in these alloys, .b ,y-*2 , 

o 

and <5->5 . Specific heat measurements [173] near the T of 

Cr-containing glasses indicate a smeared transition with 

negligible height of the peak. The temperature derivative of the 

resistivity also shows a broad transition region. These results 

point to the formation of magnetic clusters with distribution of 

T 's which results in the deviations of the critical exponents 
c 

from those of the homogeneous systems. 

E. High-teinperattire magnetization 

Amorphous materials, being unstable, are susceptible to heat 
treatment and undergo crystallization on heating above their 
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respective crystallization temperatures. The crystallization 
process in amorphous materials is widely studied to find out the 
nature of the various crystallized phases, the thermal stability 
of the material, and the effect of additives in the form of 
transition metal and/or metalloid on the crystallization process. 
The published results indicate that the addition of Cr and V in 
Fe-rich alloys raises the crystallization temperature and hence 
the thermal stability [174,175]. Here we study the effect of Cr 
substitution on the crystallization process of FeCoNiBSi system. 
This alloy system is very close in composition to the alloys known 
for vanishingly small linear saturation magnetostriction 
coefficient [176]. These samples exhibit resistance minima at 
relatively high temperatures [27] and the magnetoresistance 
measurements at T < T^ indicate a positive high-field slope [79]. 
The dc magnetization measurements below room temperature indicate 
progressive decrease of magnetic moment, T^ and spin-wave 
stiffness constant following the addition of Cr. The role of 
magnetism in these studies will be better understood if the 
evolution of the magnetic phases could be traced through the 
amorphous as well as the crystallized states. For this purpose the 
change in magnetization of the sample is studied as a function of 
temperature above 300 K. Then x-ray analysis is done at room 
temperature on those very pieces of samples to determine the final 
crystallized phase(s) and finally correlate the results of the two 


measurements . 
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1.2 Theory 

A. Temperature dependence of electrical resistivity 

1. r > r . : 

mvn 

The resistivity of an amorphous material containing 
transition metal is expressed, in the diffraction model, as [177] 

me O 

F F 

where and are the Fermi wave vector and energy, 

respectively, and O is the atomic volume, t) (E_) is the d-wave 

Z F 

phase shift describing the scattering of the conduction electrons 
of energy E^. by the ion cores which carry a muffin-tin potential. 
The temperature dependence of p is determined by the structure 
factor which is written as [7] 

S^(K) ^ 1 + C S^(K) - 1 3 exp ( -2 W^^CT) ), (1.2) 

where S^(K) is the equilibrium structure factor, exp (-2W (T)) is 
the Debye-Waller factor with Wj^(0), in the Debye approximation, is 
given by [178] 

9 /T 
0 

*^(T) = 4 4 »^<0) [ ij" I . a. 3) 

o 

where W^(0) = 3hV / 8Mk © , (1.4) 

K B U 

M is the atomic mass, k is the wave vector and k_ is the Boltzmann 

0 

constant. In the high and low temperature limits, W^^d) reduces to 
[7] 

Wj^(T) = W(0) + 4 W(0) ~ [ I J ’ for T « 


(1.5) 
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W^(0> = 4 W(0) 



for T > . (1.6) 


Incorporating Eqs. (1.2), (1.5), and (1.6) in (1.1), one gets 

r(T) = R(T)/R(300K) = a + b for T < , (1.7) 

r(T) = R(T)/R(300K) = c + d T for T > © . (1.8) 

x> 

Cote and Meisel [3] has obtained similar asymptotic 

temperature dependence while taking into account the difference 
between the resistivity static structure factor and the X-ray 
static factor. 

In the case of amorphous ferromagnetic materials Richter et 
al. [36] have shown that for T « T^, the total magnetic 


resistivity at low T varies as 


P (T) 

mag' 

P (0) 

mag 


= a + b + c 


3/2 

In the above equation the T term, which vanishes for 

crystalline ferromagnets, results from the partial cancellation of 

3/2 

two competing terms, (a) A (-T ) term originates from purely 

elastic scattering where electrons are scattered by randomly 

3/2 

distributed temperature-dependent local moments and (b) A T 
term arises from the incoherent momentum nonconserving 
electron-magnon scattering process. The positive contribution 
overcompensates the negative one. The T* term is due to the 
coherent spin-wave scattering. According to the estimate of 

3/2 

Richter et al., the T term dominates the low-temperaturc 
behavior, and its coefficient b is 2 orders of magnitude larger 
than that of the T* term. 



In the normal metallic regime, the dc conductivity is given 
by the Drude formula, as obtained from the Boltzmann transport 


equation , 

which can also be written as 
O'- = S_e*l 

B F 

12n% 


(1.9) 


( 1 . 10 ) 


where t is the relaxation time, m is the effective mass, n is the 

number of electrons per unit volume, 1 is the mean free path, and 

Sj. is the area of the spherical Fermi surface. This result is 

correct if the values of t or 1 are the result of inelastic 

collisions, such as electron-phonon processes. This is also 

2 

correct for the T dependence observed for electron-electron 
collisions. But if t is the result of scattering by impurities, as 
in an alloy at low temperatures or by disorder in an amorphous 
material, then corrections to the above formula apply [51]. These 
correction terms arise due to the presence of disorder which 
modifies the electron-electron interaction and also enhances the 
electron localization process. They are known as (a) interaction 
and (b) localization effects. 

A physical picture of a seemingly complex mathematical 
argument is given by Dugdale [178]. The concept of localization is 
based upon the fact that, when the mean free path of conduction 
electrons is of the order of interatomic distance, the electrons 
do not travel in classical trajectories ; rather they travel by 
diffusing from site to site. This results in a mutual interference 
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j leads to & phas© 

between waves scattered from nearby ions ana 
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coherence between the scattered partial waves. 
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Fig. 1.1 


Closed path of an electron Boving diffusively 
under the influence of the elastic scattering 
froB ions. The waves can travel clockwise or 
anticlockwise round the path as indicated by 
the arrows . 
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Scaling theories of localization [181] and the quantum 
interference effect lead to modifications of Eq.(1.9) in the 
presence of multiple elastic scattering and is represented by 


a 

3 



<»!■.>■ 


{■ 


1 

e 

T 



( 1 . 11 ) 


in three dimensions, where cf is the conductivity given by the 
Boltzmann formula, 1 is the elastic electron mean free 
path, and L is either the size of the specimen at finite 
temperatures or is equal to the inelastic diffusion length . 
Howson [182] had shown that, by taking into consideration the 
temperature dependence of o^, the temperature-dependent part of Eq 
(1.11) can be written as 


Acy(T) 


1 e 
n h 


[lJ(T) 


(k,l,)" 

3 


lJ(T)J' 


( 1 . 12 ) 


The first term gives a non-metallic positive contribution for 
d(Ao')/dT, while the second term will give a metallic negative 
contribution . The non-metallic contribution is important at low 
temperatures, but as the temperature is increased dc^/dT will 
change sign, i.e., a resistivity minimum will occur. In high- 
resistivity metallic glasses, the non-metallic temperature 
dependence may exist up to the crystallization temperature. In 


this case, neglecting the second term in Eq. (1.12), one gets 

2 


Ao-CT) = 


n fi 


L. (T)- 


(1.13) 
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2 

L = 0.51 (T)l , where 1 and 1. are the elastic and the inelastic 

t t ® €► t, 

mean free paths for electron-phonon scattering. 1^(T) oc T * for T 
> oc T ^ for T < from the usual electron-phonon 

scattering. This leads to 

ha <x T for T < • (1.14) 

ha XX for T > . (1.15) 

The interaction effect is different from the localization 
process in the sense that the interaction effect arises from the 
interaction of one conduction electron with another in the 
presence of the multiple elastic scattering whereas in the 
localization process it involves only single electrons. The 
effect of electron-electron interaction in crystalline systems is 
of minor importance as compared to amorphous systems or in general 
metallic systems where the mean free path is short. It was first 
shown by Altshuler and Aronov [183] that the interaction effect at 
zero temperature produces a cusp in the density of states (N(E)) 
at the Fermi level Ep. The change in (N(E)) from the value without 
interaction is given by [183] 


<5N(E) 


(2nhDl) 



(1.16) 


This is significant for only small values of o- and thus of D. This 
leads to changes in o, given by 
o'(T) = o'(0) + , 


where 6a 


1.3 

✓2 



(1.17) 


where D is the diffusion constant and is the screening factor 
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for the Coulomb interaction. 

B. Teniperature dependence of Magnetization 

Experimental evidences on amorphous ferromagnetic materials 
suggest that long-wavelength spin-wave excitations follow the same 
dispersion relation as in the crystalline ferromagnets, namely 

^(q) = g H, , + D + E q* + > (1.18) 

where g << D q^ denotes an energy gap in the presence of 

an effective internal field H. arising from the applied field, 

tnt 

the anisotropy field, and the spin-wave demagnetizing field. D is 
the spin-wave stiffness constant and E is the constant of 
proportionality for the q** term. 

At low temperatures, the change in magnetization (in emu/gm) 
due to spin-wave excitations, according to the Heisenberg model, 
is given by [118,132] 


Mill = - ,M(1) ^ bZ(3/2,T /T) + CZ(5/2,T /T) (1.19) 

M(0) M(0) ^ > g' ' g 


= Z(3/2,T /T) (T/T )^^^ + C Z ( 5/2 , T /T ) (T/T^)' 


( 1 . 20 ) 


where is the gap temperature given by internal 

field H. is determined from the relation 

trit 


= H M(0) + H. , 

applv#d ^ 


( 1 . 21 ) 


where N is the demagnetization factor and is the anisotropy 

field. The function Z(3/2,Tg/T) and Z(5/2,Tg/T) are defined as 


[ 132 ] 
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( 1 . 22 ) 


and 


OD 


f ^ 

Til 

1 ^ 

^ -5/2 

n Tg •) 

1 2^ 

T J 

" 1.341 ^ 

y n 

L T J 


n=l 


.341 1 


-2.36 (T /T) 
g 


3/2 


-H 1.341 - 


2.61 CT /T) - 0.730 (T /T) -i- 

g g 


(1.23) 


The coefficients B and C are related to the spin-wave stiffness 

2 

constant D and the average mean-square range <r > of the exchange, 
interaction by 


D (= D(0)) 



and 


2.612 g u 

B 


2/3 


M(0) P B 


(1.24) 


< r' > = 1.948 [ 3 ^] V- ■ 

where p is the density. In the above relation the ratio of the 
coefficients C/B gives the range of interaction. If a is the most 
probable nearest neighbor distance of the alloys, the range of 
exchange interaction in units of a is 

n = < r^ i . (1.26) 

The term in Eq. (1.19) has its origin in the harmonic (q*) 
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term in the spin-wave dispersion relation and the in the 

enharmonic (q ) term. The above relations assume that D is 
temperature independent. When the number of magnons excited are 
large, interactions between them ( magnon - magnon ) leads to a 

! 5/'2 

T term in D in the localized model [184,185]. The interaction 
between spin-waves and itinerant electrons leads to a T^ term and 
magnon - magnon leads to a T term in the itinerant electron 
model [137,186]. 

Thus in the low-temperature limit 

D = D(0) ( 1 - T^ - T®"^^ ). (1.27) 

When Eq . (1.27) is substituted in Eq . (1.19) it gives 

AM(T) _ A T^'^^ ( 1 - D T^ - D_ T®^"^ 2 f S, I + 

M(0) ■ 12 K. ^ L j 

B z[ |, j T®'"^ . (1.28) 

7 /2 ^ 

A binomial expansion of the first term gives a T and/or a T 

9/2 

term. Thus the deviation from the T dependence may show up as a 
T term due to the anharmonic term (q ) in the spin-wave 
dispersion relation, and a T and/or a T term depending on the 
temperature dependence of D. 

Besides the spin-wave excitations there exists Stoner 
single-particle excitations which also contribute to the 
low-temperature demagnetization of a ferromagnet. According to the 
approach of itinerant electron or band ferromagnet, the 
paramagnetic densities of states for spin-up and spin-down 
electrons are displaced in energy with respect to each other. This 
displacement is assumed to be proportional to the spontaneous 
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magnetization and in the low-temperature limit, the decrease in 
magnetization with temperature is the result of excitation of 
electrons from the spin-up to spin-down bands. The general 
expression for the single particle excitation is given by 


[ MC0> ]sp ■ ^ [ K ’ (1-29) 

where A is the energy gap between the top of the full sub-band and 
the Fermi level. This expression reduces to 

[ ) j ~ ^ ’ where a. = 2 , A = 0 (1.30) 

for weak f erromagnets , where holes exist in both the sub-bands as 
in the case of Fe, for example, and 


f 1 

L M(0) J 


= B T^^^exp 


SP 


( " T ] ’ 


where « = 3/2, ^0 (1.31) 


for strong f erromagnets, where one of the sub-bands is completely 
filled and holes exist in only the minority band as in the case of 
Co and Ni, for example. At low temperatures, when deviation from 
saturation magnetization at 0 K is small, the excitations from the 
spin-wave and single-particle are nearly independent and the 
thermal demagnetization is given by the sum of the terms arising 
from both the contributions, i.e.', 

AM = [AM ] + [ AM ]_ . (1.32) 
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C. Magnetoresistance 

For three-dimensional systems and in the presence of 
spin-orbit scattering, the magnetoresistance due to localization 
effects is [90,92] 


Ap p(H) - p( 0 ) , 2 , - 2 . . 

P P( 0 ) V C / ^ y 


[ i '.( ij ’ t '■( U 1 ■ “ 


where H 


i = [ fTT ] "i‘ 


H = H, + H' and 

SO t SO 

H' = ( / 2 e D ) 

s o so 

where is, to a first approximation, the inelastic relaxation 

rate. t~‘ is the relaxation rate for the spin-orbit scattering. 

so 

The prefactor a is Js; 1 . The function fgCx) is represented by the 
following relations at small and large values of x : 


fg(x) ^ x^^^ / 48 


fg(x) 0.605 


for X « 1 and 


for X » 1. 


For weak spin-orbit scattering, i.e., and 


H., the 


magnetoresistance is negative with 


ot p ( e^ / 96 h ) 


[h]' 


( 


for H « H. . (1.34) 


- 1/2 

^ ^ - P ( 0.605 e^ / 2 h ) [ ^ J for H » H.. (1.35) 

When the spin-orbit scattering is stronger than the inelastic 
scattering, i.e., H » H. , then the magnetoresistance is given by 

' SO 

1/2 

^ - o. p ( eV 192 b ) ( g ] ( ) 


for H « 


(1.36) 
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^ - o( p c 0.605 e"" / 4 h ) 

for H. « H « H , (1.37) 

Xf 

^ 2 . -a p ( 0.605 e* / 2 rr* h ) ^ 

for H » H . (1.38) 

SO 


The above theoretical results hold good for non-interacting 
electrons and exhibit both positive and negative magnetoresistance 
depending on the spin-orbit coupling. 

When the electron-electron interaction effect is taken into 
account, there are additional contributions to MR due to 
spin-splitting and spin-orbit interaction. According to Lee and 
Ramakrishnan [51], the MR due to spin-splitting of the spin-up and 
spin-down bands is written as 

1/2 

|e = < e' F / 4 n" h )[ J g,( e H / k, T ). (1.39) 


where F is an interaction constant. The low- and high-field limits 


of g 3 (h) are 


(h) = Vh - 1.3 


gg(h) = 0.053 h 


for h » 1 , 
for h « 1 , 


(1.40) 

(1.41) 


The spin-orbit contribution is [90] 


Ap 


= g(T> , ( a' / 2 n* ^ )[ VI ( ¥k^ ]. 


where g(T) is an interaction parameter. 


fg(h) = 1.90 for h » 1 , (1.43) 

5g(h) =0.33 for h « 1 . 

To a first approximation these are additive. 


(1.44) 



CHAPTER II 

Experimental 

The samples (as-received) for the present study are in the 
form of ribbons, of typical width " 1 mm and thickness '' 0.030 mm. 
They were prepared by the method of melt-quenching. The amorphous 
nature of the samples were checked by performing X-ray 
measurements using a X-ray diffractometer ( Rich and Seifert 
Isodebyeflex 2002 diffractometer ) with a Cu target ( = 1.54 
A). It shows a broad peak at low angles. This is observed, in 
general, in all metallic glasses and is ascribed to the 
short-range order. The pattern did not show any other observable 
peak, confirming the absence of crystalline phase(s). 

Dc electrical resistivity measurements between 8 and 300 K 
were done using the four-probe method. The typical lengths of the 
samples used in these measurements were of 2.5 cm. The 
electrical contacts with the samples were made by soldering thin 
phosphor-bronze wires. Zn-Cd non-superconducting solder material 
with zinc chloride flux and a low-wattage ( 10 W ) soldering iron 
were used for the purpose. While soldering, sufficient care was 
taken to make each contact within a very short time to prevent any 
crystallization, at the point of contact, as far as possible. The 
sample was placed on the top of the cold head of a closed-cycle 
helium refrigerator ( CTI and RMC ). It was necessary to establish 
a good thermal contact between the sample and the cold head, since 
no exchange gas was there in the sample zone and the sample was 
cooled only by the conduction process. At the same time it was 
also essential to have a good electrical insulation for the 
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sample. To achieve these dual needs, a cigarette paper was first 
put on the top of the cold head using GE varnish ( Oxford 
Instruments ) . The sample was placed on top of the paper and 
varnish was applied. Then it was pressed firmly and was left to 
dry in air. Similar precaution was also taken to thermally anchor 
all the wires leading to the sample. The current and voltage wires 
were connected to a digital voltmeter ( 1071, Datron ) which 
measures the four-wire resistance directly and has a 7 1/2 place 
resolution at 10 ohm full scale. The measuring current was 10 mA. 
A precalibrated Si diode ( LakeShore ) was placed very near to the 
sample to monitor the temperature. The temperature was held 
constant within 0.2 K using a temperature controller ( DRC-82C, 
LakeShore ) . 

The magnetoresistance between 11 and 300 K was measured in 
fields up to 16.5 kOe, provided by an electromagnet ( V-3800, 
Varian ) with 15“ pole pieces. The cryotip, when placed in the 
magnetic field, virtually stopped functioning when the field 
exceeded 12 kOe. The field above which the cryotip stopped working 
depended upon the proximity of the cold head to the pole pieces. 
Thus we required to fix an extra attachment on the cold head and 
still ensured that the sample, in both transverse and longitudinal 
orientations, was exposed to a uniform magnetic field. At the same 
time it kept the cold head sufficiently away from the magnetic 
field for it to function at fields as high as 16.5 kOe. This extra 
attachment consisted of a 2 inch OFHC (Oxygen free high 
conductivity) copper tube soldered at both ends by a 1 inch 
diameter copper disc of thickness 2 mm. This was fixed rigidly to 
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the original base (for fixing the sample) by nuts and bolts. 
Indium foils were placed in the intervening space. This resulted 
in an increase in the lowest attainable temperature from 8 to 11 
K. The magnetic field was always in the plane of the ribbon. A dc 
current of 100 mA from a constant current source ( 6177C, HP ) was 
passed through the sample. The voltage was measured by the 7 1/2 
digit voltmeter. A precalibrated Si diode and carbon glass 
resistance thermometer ( CGR-1-1000, LakeShore ) were used to 
monitor and control the temperature along with the temperature 
controller ( DRC-93C, LakeShore ). The CGR thermometer was used 
because of its low magnetoresistance (-0.2% at 10 K and 2.5 
Tesla). At a given temperature the field was fixed at every 1/2 
kOe and the data were recorded. The temperature was held constant 
within 0.2 K during the period of measurement (0 and 16.5 kOe) 
which was about 20 minutes. Using this set-up we were able to 
detect changes in resistance of a few parts in 10*^. 

The dc magnetization measurements were done between 20 and 
300 K in magnetic fields up to 16 kOe. For this purpose, a 
closed-cycle helium refrigerator ( RMC ), suitably modified by the 
manufacturer to fit with the vibrating sample magnetometer ( 155, 
PAR ) assembly, alongwith the electromagnet was used. The 
magnetometer was calibrated with the help of a standard Hi sample 
after the usual saddle point adjustments. The use of the cryotip 
in conjunction with the VSM, however, created two major 
difficulties. (1) In this system there is either a OFHC Cu or a 
Cu-Be tube inside which the sample vibrates. Low-pressure He 
exchange gas is used in the sample zone. As the temperature is 
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lowered, the conductivity of Cu rises and there is sufficient 
shielding of the signal due to eddy currents. To overcome this a 
modification to the existing set-up was suggested and incorporated 
by Banerjee [187]. This reduced the shielding significantly but 
does not remove it completely. Due to this shielding at low fields 
and below 80 K, the data are not reliable. We find reasonable 
results between 20 and 300 K for samples having large moments such 
as in ferromagnets in magnetic fields greater than 2-3 kOe. This 
prevents us from reporting the much required low-field dc 
magnetization data on some of the samples. (2) The magnetometer 
reading shows a large noise when the cryotip is switched on, 
particularly at temperatures < 100 K. Thus, it is experimentally 
difficult to measure small changes in magnetization for spin-wave 
analysis or the behavior of M as a function of H beyond saturation 
in amorphous ferromagnets. Therefore, for obtaining M(T) data we 
switch off the cryotip at the lowest temperature and then measure 
M as a function of temperature as the temperature is increased. 
Initially the change of temperature is very rapid and therefore 
the data below 30 K can not be analyzed. A 100 ohm precalibrated 
platinum resistance thermometer is kept very close to the sample. 
This ensures high accuracy in the measurement of temperature. The 
magnetization data, for critical exponents analysis, were also 
taken in the same way. M(T) was measured at different fixed 
fields . 

Ac-susceptibility was done to identify the low-temperature 
phases of the samples and obtain the critical exponents. Since the 

T 's of the samples were above 77 K, a separate coil assembly was 

c 
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made which was immersed in liquid nitrogen, and a suitable glass 
cryostat made to measure the susceptibility as a function of 
temperature . 

The basic principle of an ac susceptibility measurement is 
that when a magnetic sample is introduced in a primary coil, due 
to the change in mutual inductance, a change in voltage appears at 
the secondary which is proportional to the susceptibility of the 
sample. This change in voltage may be very small in comparison 
with the voltage existing without the sample. It is necessary to 
minimize the signal without the sample to detect small changes. 
This is done by: (1) Adding another secondary coil, away from the 
first, wound in the opposite direction, i.e., the two secondary 
coils are in phase opposition and the output voltage without the 
sample is zero. Now, if the sample is introduced in one of the 
coils, the off-balance signal can be measured with greater 
reliability. (2) Adding another coil to null the initial voltage 
is possible if the two coils are exactly similar, which may be 
experimentally difficult to achieve. Therefore, a mutual 
inductance bridge [188] is used which is able to null both the 
in-phase and the quadrature signals up to a very sensitive scale 
(" 1 A^v). Here we use both these procedures to null the voltage. 

The primary and the secondary coils are wound coaxially on a 
perspex tube of outer diameter 1.46 cm. The two secondaries are 
wound first. Each are of length 0.1 cm and 150 turns wound from 38 
SWG copper wires. The two secondaries are separated from each 
other by 7.2 cms. The primary is wound on top of this and is of 
length 26 cms having 1050 turns made from 30 SWG copper wire. 
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Another coil was wound coaxially on top of this to produce dc 
fields. The whole coil system was covered with a metglass to 
screen the horizontal component of the earth’s magnetic field. The 
whole coil-assembly was kept immersed in liquid nitrogen during 
the measurement period. The off-balance signal was measured by a 
two-phase lock-in amplifier ( 5208, PAR ) operating at 333 Hz. The 
rms field generated was 0.5 Oe. Four pieces of samples of length 4 
cms each were tied to the thin Cu sample holder to obtain the 
maximum sensitivity. In the sample zone He exchange gas was kept 
at a very small pressure. One end of the Copper-Constantan 
thermocouple was soldered at the middle of the sample holder, the 
output of which was detected by a nanovoltmeter ( 148, Kiethley ). 
The sample was heated slowly by giving a small current to the 
heater. Near the transition temperature the heating rate was 
minimized to about 1 mK/s . By this method we could obtain 
reproducible , near equilibrium data every 30 mK apart. 

For the low-temperature measurements similar coil but of 
smaller length and diameter was used due to the restricted space 
available inside the cryotip. The secondary coil was about 0.1 cm 
in length and the primary 15 cm. The operatinj^ frequency of the 
lock-in amplifier was 3.33 kHz, and the measuring rms field was 
0.1 Oe. External coaxial dc fields (0 to 60 Oe) were produced by a 
coil placed outside the cryostat. The temperature was measured by 
a copper-constantan thermocouple. 

High-temperature magnetization measurements were done by 
using a vibrating sample magnetometer (155, PAR). Several pieces of 
the metallic glasses of length 2-3 mm each were loaded in the 
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sample holder with the magnetic field in the plane of the ribbon. 
The output from the magnetometer was directly recorded by an X-Y 
recorder. A high-temperature oven assembly, in conjunction with 
the VSM, enabled us to make measurements above 300 K. These 
measurements were done in the presence of the residual field (30 
Oe) of a 8-inch ( V-7200, Varian ) electromagnet. The sample was 
heated in the temperature range of 300 to 990 K. A chromel-alumel 
thermocouple was used to measure the temperature with an accuracy 
of ss 1 K. The typical heating rate used in the experiment was 5 
K/min, but near the transition temperature, the rate was lowered 
to 2 K/min. X-ray diffraction at room temperature was taken on the 
crystallized samples after the thermomagnetic study. 



CHAPTER III 

Results And Discussion 


3.1 Electrical Resistivity 

The samples studied are a) (x = 0, 5, 

10, and 15 designated as Al, A2, A3, and A4 respectively) and b) 

(A5). The ferromagnetic transition 

temperatures, obtained from x measurements, are between 180 and 
400 K. T^ decreases with the increase of Cr due to its 
antiferromagnetic interaction. All the samples except the one 
containing Mn are ferromagnetic, at least, down to 18 K. The 
Mn-containing sample has reentrant behavior below 30 K. All the 
samples indicate a resistance minimum. The corresponding "^rnin’ 
which is 3?: 15 K for x=0, shifts to ss 200 K on addition of Cr/Mn . 
Figures 3.1 and 3.2 show the normalized resistance r ( = R(T) / 
R(300 K) ) versus temperature T. There is no indication of a 
second minimum at the lower temperatures as observed in other 
Cr-containing amorphous alloys. (Olivier et al. [39], Rao et al. 
[41]). The resistivity minima are fairly broad and the percentage 
change in resistance (AR/R) between T^.^ and 8K is 35; 1% for the 
Cr-containing samples and 4% for the Mn-containing sample. There 
is no obvious discontinuity in the resistivity plot near their 
respective T^'s which almost always lie in the region around the 
broad minima. The room temperature resistivity of these samples 
increases with the addition of Cr/Mn. The values of the 
temperature coefficient of resistance « (= 1/R (dR/dT)) at 300 K 
are rather small. Table 3.1 summarizes the values of T^, T^.^, 


P(300 K), a(300 K) and AR/R. 
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Fig. 3.1 Temperature dependence of the normalized resistivity r = 
R(T)/R(300 K) for samples A1 (Fe^Co^^Ni ,) and A5 

!> oO 17 1<5 12 

(Fe^Co^oWVB^^Si^^). 





Table 3.1 


Composition, Curie temperature (T^). temperature at resistivity 
minimum (T . ), room temperature resistivity (p), temperature 

Tn V r» 

coefficient of resistfince (ct) and percentage change in resistance 
betvaan and 8 K. of (0 s x s 16) and 


Sample 

Compos- 

T 

c 

T . 

TnV T) 

p C300 O 

a ^ ly'R CdRydr:> 

LPyR 


i t ion 

C/O 

C/O 

CpO ertO 

-5 -1 

CIO K 0 

C%0 






at 300 K 


A1 

X = 0 

395 

20 

150 

1.7- 

- 

A2 

X = 5 

267 

200 

162 

4.4 . 

0.90 

A3 

X = 10 

222 

228 

162 

4.8. 

1.50 

A4 

X = 15 

174 

144 

220 

9.5; 

0.83 

A5 

Mn^, 

300 

>300 

254 

-10.2 

4.40 


central LISRART 

1 I. T., KANPUR 
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In the discussion that follows the choice of the temperature 

regions and the eQuations to be fitted have been influenced by the 
2 

X values obtained from a nonlinear least-squares fitting 
programme . 

A. T > T 

mv n 

The data of sample A1 (x=0) between 30 and 80 K could be 

fitted well to Eq.(1.7). The value of = 2.5 x 10"'^'^ (Table 3.2) 

is very close to the experimental resolution in r(T). The fit 

between 30 and 80 K with a term in addition to the T^ term 

gave an unphysical negative coefficient for the T®""* term. This 

observation is at variance with the results of Kettler and 

Rosenberg [29] and Singhal and Majumdar [31] who find that their 

results are better described by a positive T magnetic term over 

and above the structural T^ term of Eq.(1.7). However, this result 

is in agreement with that of Kaul et al. [16] who observed that 

the low-temperature resistivity in amorphous magnetic materials 

2 

could be described by a T term alone coming from both the 
magnetic and the structural contributions. The coefficient of the 
T^ term (5.8 x 10“^ K~^) of sample Al (Table 3.2) agrees well with 
that reported by Kaul et al. [16] on (^5.5 x 10 ^ K *) 

showing similar behavior of Co- and Fe-rich samples. Thummes et 
al. [24] obtained a much larger coefficient of the T^ (a= 30 x 10“^ 
K”*) term in a Ni-rich series. They argue that on alloying with Ni 
there is a significant contribution to the d-band conductivity. 
This is supported by the evidence that the density of states ( 
N(E ) ) that they obtain (4.5 (atom eV)~*) is = 10 times higher 

F* 
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Table 3.2 

Fit of sample A1 in the region T > T . : Equations, temperature 

mt r» 

2 

range, coefficients and x values. 


Fi t 

of r 

to 

Range of T 

C/O 

b ^ c 

CK~^ or 

2 t 

X 

a 

b t" 


30 - 80 

5.8 X 10"'^ 

- 

2.5 

a + 

b T 


200 - 300 

1.7 X 10"* 


73.0 

a + 

b T + 

c 

200 - 300 

1.1 X 10"* 

1.3 X 10”’’ 

4.2 

a 4- 

b T + 

c 200 - 300 

4.0 X 10 ^ 

5.5 X 10”^ 

4.0 




N 

2 

, ^ 2 


t 

z 

X - 

1/N 

E ( Y,(fit) - 

Y^(da£aL> ) / ( 

Y (mean) ) 





i =1 




t 

Uni is 

of 

b aro K \ 

K ^ for T, and terms res p^o lively. 
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than that of the s-band . Our analysis on Cr (x * 0) substituted 

samples shows that N(E^) in these alloys are roughly 1 (atom 
eV)”‘. We assume the same value of N(E) for alloy A1 (x = 0). The 
smaller value of N(Ep) for our alloys, compared with those of 
Thummes et al. [24], justifies the relatively smaller coefficient 
of the term. 

In the temperature region 200 K < T <300 K, the data are 

fitted to an expression of the type 

r(T) =p+qT+sT^. (3.1) 

The X value improves by about a factor of 20 (Table 3.2) when 

fitted to this expression as against the one of Eq.(1.8). The 
2 

additional T term is ascribed solely to the magnetic scattering 

at high temperatures whereas it is indistinguishable from the 
2 

structural T term at low temperatures. It is difficult to choose 
between a T and a T term to be added to the T term in Eq • 
(3.1) at high temperatures, purely on the basis of x values 
(Table 3.2) which show equally good fit for both. However, since 
the T was discarded in the low-temperature fit, we believe it 
is the T^ term which describes the magnetic contribution. The 
necessity of the T* term , we find, extends to T 0.75 T^ and the 
coefficient- of this term (s = 1.3xl0^K^)is even higher than 
those reported with analyses done only up to 0.5 T^ [16,31]. At 
temperatures even beyond T_, the T* term (s = 0.77 x 10 K )> 

C 

— S 1 

in addition to the linear term in T (q = 5.1 x 10 K ), is 

clearly observed in the case of sample A4 (T^ = 174 K) in the 

region 240 K < T <300 K. The existence of a magnetic term at T > 

T and which is increasing even beyond T and saturating at T — 
c ^ 


2 
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Tq , has been shown and discussed by Kettler and Rosenberg [29] for 
a FeNi system. The value of for sample A1 is obtained from the 
coefficients of the high-and low-temperature fits to Eqs. (3.1) 
and (1.7), respectively. The relation for taking into account 
the additional T^ term in the high ■^mperature fit, is [16] 

From this we obtain a realistic value for © = 402 K. 

B. T < T . 

mi. n 

We have used ^(T) in the discussion which follows, as opposed 
to Ao'(T) = o'(T)-<y(0) used elsewhere [189], The value of o'(0) (the 
extrapolated value of ©"(T) to 0 K) in our case does not remain the 
same when extrapolated from different regions of temperature. This 
result is different from that of Howson and Greig [189] who 
obtained c>'(0) to be the same, within experimental error, when 
extrapolated from different regions of temperature. Thus c>'(0) in 
our case is a temperature region-dependent parameter which however 
does not in anyway influence our analysis and conclusions. As a 
matter of fact, we find that the choice of cy(0) hardly affects the 

I 

coefficients of T and terms of Eqs. (1.14) and (1.15) 

respectively. 

In the temperature region between 8 K (the lowest attainable 
here) and 20 K, for all the samples (A2 - A5) the data could be 
fitted to <y(T:y = a + b VT as given by Eq . (1.17). The 
coefficients and the values are summarized in Table 3.3. 
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Table* 3# 3 

Fit to ©-(T) = o'(0) + a -/T below T . (8 - 20 K) : Samples, 

TTi t n 

coefficients, density of states N(E^), diffusion constant (D) and 

r 

values. 


Sairiplo 

aco:> 

5 

c to y 

CO nO~^ 

a 

ClO^ J 

(O 

N C£ :> 

Catom eVJ> ^ 

D 

-5 

cio :> 

2 -1 
m s 


A2 

6.11987 

4.30 

0.95 

4.0 

1.7 

A3 

6.07921 

5.54 

1.50 

2.4 

4.6 

A4 

4.54092 

4.86 

0.89 

3.2 

2.0 

A5 

3.75518 

10.09 

3.20 

0.7 

3.3 


The coefficient of VT ((400 - 1000) (O m) K ) is in good 
agreement (inspite of a narrow range of temperature used here ) 
with the near universal value of 600 (il m) * K obtained by 
Cochrane and Strom-Olsen [56] and Rapp et al. [54], based on an 
analysis of a large class of non-magnetic as well as magnetic 
materials. Similar values have also been quoted by Thummes et al. 
[24] and Olivier et al. [39] on ferromagnetic materials. The 
diffusion constant D, obtained from the slope of ©-(T) plot and Eq. 
(1.17), keeping = 0, is in the range ( 0.7 - 4.0 ) x 10 ® mVs 
for all the four samples ( Table 3.3 ). Within themselves they 
however do not show any concentration dependence. The values are 


f 
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similar to those obtained by Olivier et al. [39] (=3 x 10 ^ m^/s) 
and Thummes et al. [24] (rxl.S x 10 ® m^/s). Consequently, the 
value of the density of states, calculated using the Einstein 
relation D = ( p(0) e^ N(E„) is N(E^) ^ 1 (atom eV)"* for 
Cr-containing samples and 3.2 (atom eV)~* for the sample with Mn 
(Table 3.3). 

In explaining the nonuniversality of the Mooij correlation 
Tsuei [8] has suggested that electron localization plays a 
significant role in determining the sign and magnitude of TCR 
(temperature coefficient of resistivity) at temperatures even as 
high as room temperature. Howson and Greig [190] have analyzed the 
data of a few non-magnetic samples (CuTi, CuHf, CuZr), which show 
resistance minima at high temperatures, between 30 K and 300 K and 
have observed the temperature dependence as given in Eqs.(1.14) 
and (1.15). In our case the samples A2, A3, and A4 have the 
disadvantage that this analysis could not be carried over a large 
range of temperature because of resistivity minima occurring 
around 200 K only. However, sample A5 is free from such 
restrictions; it has a T^^^ > 300 K and also a = 300 K. 
Therefore more emphasis has been given on the analysis of the data 

of sample A5. 

The region between 55 and 90 K of A5 shows a linear 
temperature dependence as given by Eq.(1.14). In the region 
between 100 and 300 K a VT behavior, as given by Eq.(1.15), is 
found. The coefficients and the values of the fit are 
summarized in Table 3.4. 
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Table 3. 4 


Fit in the intermediate and high temperature regions below T . 

TD b n 


Samples , 

values. 

equations. 

temperature range, 

coefficients 

and X 

Samp to Fit of 

Range 

a 

5 -1 

h 

-i 

2 

X 

^-iO . 

a 

to 

of T 

CfO 

CiO COnO C 

OT C 

com. jO J> 

CCim K J 

c 10 ; 

A2 a 4- 

b T 

25 - 

50 

6.12961 

48. 5 

0.6 

a 4 

b -/T 

55 - 

100 

6.10802 

648.2 

2.7 

A3 a 4 

b T 

25 - 

50 

6.09075 

662.6 

3.3 

a 4 

b Tl’ 

, 55 - 

110 

6.05332 

989.4 

2.6 

A4 a 4 

b T 

• 20 - 

40, 

4.55333 

47.8 

4.7 

a 4 

b VT 

45 - 

70 

4.53924 

528.0 

5.5 

A5 a 4 

b T 

55 - 

90 

3.79457 

66.9 

3.2 

a 4 

b -/T 

100 - 

300 

3.73304 

1276.0 

7.5 
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2 

.’’he X values obtained are comparable to the experimental accuracy 
indicating excellent fit. Figure 3.3 shows the plot of InAo- 
against InT . In In-ln plots the use of Ac is essential for finding 
the exponent of T. The three regions, corresponding to VT at low 
temperature, T in the intermediate region and again VT at high 
temperature, are amply evident from the figure. In calculating Ac 
Cc(T) - o'(0)), <>■(0) is obtained from the respective regions of fit 
(Table 3.4). The same procedure is followed for samples A2-A4 and 
the resulting plots, similar to that of sample A5, albeit in a 
contracted temperature scale, are shown for A2 and A3 in Fig. 3.4, 
and the best-fitted coefficients and the values are included in 
Table 3.4. In both Figs. 3.3 and 3.4 the data points in the region 
intermediate between 'two regions of fit are not included. Similar 
plots are reported for the non-magnetic amorphous systems in VT 
and T regions at low and intermediate temperatures. Here we are 
able to clearly demonstrate all the three regions on a single 
figure hitherto only theoretically predicted. It is interesting to 
note here that the electron-phonon scattering mechanism had led 
Meisel and Cote [191] to formulate the diffraction model and 
explain the familiar temperature dependence above T^^^ , p oc T^ at 
T < and p oc T at T > . In this model the electron-phonon 

scattering increases the resistivity, or in other words, decreases 
the conductivity as a function of temperature, as it should be for 
normal metallic systems. In the localization theory the seme 
inelastic electron-phonon scattering is used to explain the 
reduction of resistivity from its elastic collision-assisted value 
at T=0. Assuming the elastic mean free path length 1^ 3A (Tsuei) 
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X = 5 and 10) showing three 
distinct regions of VT, T and /T dependences in 
agreement with the predictions of interaction and 
localization theories. The points in the overlap 
region are omitted. 



62 


[8], we obtain from Eq.(1.13) and the slope of the Ao'(T) curve for 
A5, the value of the inelastic mean free path length to be 8 x 
10~* m T~^ in the range 55-90 K and 2.5 x 10"*^ m T~* in the range 
100-300 K. These values are similar to those of 7.7 x 10“* m T~^ 
for T < and 1.8xl0‘*]nT* for T > ®p/3 reported in the 

case of non-magnetic (Howson) [182]. 

The present samples being ferromagnetic, we have made an 
attempt to find if contributions to resistivity arising from spin 
disorder, which gives an inelastic term, could be detected. Our 
method of analysis is as follows. In the region between 55 and 90 
K the localization theory predicts that 

r(T) - r(0) = - a T , (3.2) 

where r(T) = R(T)/R(300 K). In the presence of magnetic scattering 
the mean free path would be modified as 

Ktr <’r> = + I'^T) , (3.3) 

where 1~^(T) is the reciprocal mean free path attributed to 

IT) 

magnetic scattering. Replacing 1. by 1 in Eq.(1.13) and noting 

1 , I i 

that 1“*(T) « T®^^, we get for T < T^ 

Trt c 

( r(T) - r(0) )^ = a T* + b T®'"^ for T < (3.4) 

and 

( r(T) - r(0) )^ = a T + b T®"^* for T > (3.5) 

3/2 

The above two relations are on the assumption that T will be 
the dominant magnetic scattering term as predicted by Richter et 

3/2 

al. [36]. However, we observe that in A1 the inclusion of the T 
term did not give any meaningful result. A T* term was essential 
in addition to the linear term at higher temperatures. The T* term 
is identified as the contribution from the magnetic scattering 
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which is indistinguishable from the term due to structural 

contribution in the low temperature region. If this is so, then 
l^^(T) oc , which gives 

( r(T) - r(0) r a for T < (3.6) 

and 


( r(T) - r(0) = a T + b for T > 6^. (3.7) 

On fitting the data to Eqs. (3.4)-(3.7) we find that the T 
terms in Eqs. (3.4) and (3.5) are smaller by a factor of 1000 than 

the and T terms. In Eq. (3.6) the magnetic term is 

indistinguishable from the structural term. For T > (Eq.(3.7)), 

the magnetic term is smaller again by a factor of 1000 in 
comparison to the T term. The values of also have not improved 

3/2 2 

on addition of the magnetic term, be it T or T . Thus we 

conclude that the magnetic term, if present, is very small and 

does not influence the above analysis in terms of the localization 
theory . 


3.2 Magnetoreslstance CMR3 

We first describe and explain the results obtained for 
samples A1 - A5 and B5 and then try to correlate them with the 
various existing theoretical models and other experimental 
observations . 

In Fig. 3.5 we have plotted the magnetoresistance Ap/p ( = 
(p(H) - p(50 Oe))/P(50 Oe)) of sample A1 at several temperatures 
between room temperature and 11 K. The choice of p(50 Oe) instead 
of p(0) is for two reasons; (1) It was difficult to measure P(T,0) 
at each temperature as it required taking the cryostat out of the 
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Fig. 3.5 Magnetoresistance (Ap/p) versus external magnetic 
field at several constant temperatures for both 
longitudinal (L) and transverse (T) orientations 
for sample A1 (Fe^Co ^Ni B Si ). 
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magnet pole pieces at each temperature which posed serious 
experimental difficulties with the existing set-up. (2) The 
magnetoresistance (MR) of these samples is very small and so would 
introduce negligible error in calculation and comparison of their 
magnitudes with those of others. In both the longitudinal ( J II M) 
and transverse ( J j. M ) directions the MR is negative except for 
temperatures below 50 K where in the longitudinal case the MR 
becomes positive. At low fields, in the longitudinal direction, 
the sharp rise in MR observed in ferromagnets and associated with 
the domain rotation, is visibly absent. This feature is, however, 
present in the transverse direction. Therefore, ( /p is 0, 

and the ferromagnetic anisotropy of resistance FAR ( = Ap^^^/p - 
Apj^/p ) practically arises from the extrapolated transverse 
magnetoresistance. The demagnetization field is calculated in both 
the orientations and it is negligibly small and, therefore, while 
calculating the FAR we extrapolate the high-field curve to 
H ^ = 0, whereas it would have been more appropriate to 
extrapolate it to = 0. The high-field slopes ( 1/R dR/dH 

), in both the orientations, are approximately the same. The slope 
at room temperature is negative and large ( -3 x 10 gauss ) 

and is comparable to those of other crystalline as well as 
amorphous ferromagnets [58]. The slope shows a strong temperature 
dependence as the temperature is lowered. It becomes =* 0 at around 
100 K and below this temperature the slope is positive. The 
slopes, except at 300 K, are small as compared to Cr-containing 
samples and therefore the dispersion in the data apparently 
appears to be large. 
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In Figs. 3. 6-3. 8 we show the plot of Ap/p vs H for samples 
A2, A3, and A4 . These three samples, among themselves, behave in a 
similar manner. Both in the longitudinal as well as in the 
transverse directions the high-field slopes are positive. They are 
nearly identical in both the orientations. This particular feature 
of positive slope has been observed in other Cr- or Mo 
containing samples [39,58]. However, in contrast to the previous 
measurements, we find that in these samples the curves are not 
linear but has a quadratic component as well. Above T^, the curves 
are highly quadratic. We determine both these coefficients from a 
least-squares fit analysis. The magnetoresistance increases with 
the increase in temperature up to T^. Above T^, the 
magnetoresistance falls. The behavior above T^ is nearly quadratic 
and as we go further away from T^, the MR continues to fall. As in 
Al, in the longitudinal direction, at low fields the sharp rise in 
the MR is not observed. From the MR measurements one may obtain an 
estimate of the direction of the magnetization with respect to the 
ribbon axis. Assuming that the magnetization lies in the plane of 
the ribbon, the angle & that it makes with respect to the ribbon 
axis is obtained from the relation 

Apj_ / p 

““t e = - ip, / p 

Since Ap„/p s: 0 for samples Al- A4, we obtain & ^ 0. This shows 

that the magnetization vector M is in the direction parallel to 
the ribbon axis. Direct measurements of domain structure by Bitter 
technique [192] and neutron depolarization method [183] reveal 
that alloys, having nearly zero magnetostriction, have long 
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Fig. 3-6 Magnetoresistance (Ap/p) versus external nagnetic 
field at several constant teiiperatures for both 
longitudinal (L) and transverse (T) orientations 
for sanple A2 (Fe^Co^^Ni^^Cr^B^^Si^^ ) . 
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Fig. 3.8 Magnetoresistance (Ap/p) versus external Magnetic 
field at several constant tenperatures for both 
longitudinal (L) and transverse (T) orientations 
for sample A4 (FejCo^j^Hi^Cr^ ^ ■ 
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straight 

180 walls parallel to the ribbon 

axis and 

zones 

with 

magnetization perpendicular to the ribbon plane are 

absent . 

The 

present 

alloys have compositions almost 

identical 

with 

the 

reported 

[179] nearly zero-magnetostriction 

alloys. In 

the 

light 


of this picture our MR measurements confirm the absence of 
magnetization domains in the direction perpendicular to the 
ribbon axis, and therefore, the absence of anisotropy in the 
longitudinal direction. This observation also add to the long-held 
view that the 'anomalous' behavior observed in ferromagnetic 
materials at low fields is associated with the domain rotation, 
and the FAR is a consequence and a measure of the intrinsic 
magnetization of the samples. 

In Figs. (3.9) and (3.10) MR is plotted as a function of H 
for samples A5 and B5 respectively. For A5 the longitudinal MR is 
positive and the transverse one is negative. The high-field slope 
is negative for both. Both the shape and the value of the MR show 
a strong temperature dependence. The absolute value of the slope 
is small ("lx 10~® 0e~^) at the lowest temperature in 
comparison to other samples of the series. The slope approaches 0 

as T-^T . In fact, it becomes nearly zero at T T /2. At around T 

c ^ 

~ 250 K (not shown in Fig. 3.9) it has a positive slope. The 
low-field magnetization data of this sample shows that at low 
temperatures the sample show characteristics of reentrant spin 
glasses (RSG). The MR results corroborate the magnetization 
studies ( as shown below ) at low temperatures, but the 
temperature dependence of the slope in the ferromagnetic regime is 
different from that expected in a ferromagnet. In the case of 
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Fig. 3.9 Magnetoresistance (Ap/p) versus external Magnetic 
field at several constant teaperatures for both 
longitudinal (L) and transverse (T) orientations 
for sajaple A5 (FesCOj^^Mn^^B^^Si^^ ^ • 
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Fig. 3.10 Magnetoresistance (Ap/p) versus external nagnetic 
field at several constant tenperatures for both 
longitudinal (L) and transverse (T) orientations 
for saBple B 5 (^67 0^031.2^^24 ^ ' 
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ferromagnets the negative slope is nearly zero at low temperatures 


and 

its magnitude 

increases as 

T^ is approached 

. The 

increase 

in 

the 

magnitude 

of 

the 

slope 

is related to 

the 

increase 

in 

susceptibility . 

In 

this 

sample 

the slope tends 

to zero and 

then 


becomes positive as 

In sample B5 the negative high-field slopes are large, due to 
which the positive MR cuts the field-axis and becomes negative as 
the field is increased (Fig. 3.10). Similar to A5, the low 
-temperature phase of this sample is not a pure ferromagnetic 
phase. The magnitude of the high-field slope decreases as the 
temperature is increased. It reaches a constant value and on 
further increase of temperature the magnitude of the slope 
increases as expected from a sample undergoing a RSG FM -> PM 
phase transformations as the temperature is increased (discussed 
later) . 

FerromcLgrtGtic Anisotropy of R&sistance C FAR J> 

In general, the FAR of these samples are an order of 
magnitude smaller ( ^ 0.05% ) than those reported for the FeB 
glasses [31,58,64]. This may be related to the values of 
saturation magnetization in the two series of samples. The 
saturation magnetizations of the present samples are smaller by 
about a factor of 10 than those of the FeB samples. A comparison 
made by Yamasaki et al. [59] on Fe^^B^^ and Co^^B^^ alloys shows 
that the FAR at 0 K of (0.73%) is larger than that of 

It is found that the substitution of Cr, W, or Ni in Fe-B-Si 
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alloys lowers the FAR [62,194]. Of the three, Cr is found to lower 
the FAR value most drastically. The decrease is more pronounced 
when Fe is substituted by Ti, V, Cr, and Mn than in the cases of 

Co- and Ni-based metallic glasses [194]. The variation of the FAR 

follows a pattern similar to that of the magnetic moment. This 
suggests a correlation between the magnetic moment and the FAR. A 
plot of In Ap/p (FAR) versus In p yields a straight line whose 
slope (m) and intercept (A) are temperature-dependent parameters.'^ 
We find that with the substitution of Cr, the FAR at 11 K 
decreases from about 0.05 % to 0.01 %. Substitution of Mn in place 
of Ni ( A5 ) increases the FAR at the lowest temperature which 
also correlates with the magnetization data where it is observed 
that substitution of Mn raises p whereas Cr lowers it. In Fig. 

3.11 we show a plot of log (Ap/p) vs log P. It shows that Ap/p 

decreases with p and roughly falls on a straight line. We obtain a 
value of m 8. The values of m range between 1 and 27 [62-64]. 

Kaul [65] had earlier pointed out that this value of m varies 
significantly with the sample composition and temperature and is 
of little significance. Nevertheless, there exists a definite 
correlation between the saturation magnetic moment and the FAR and 
maybe there is some other equation which expresses it better than 
the very simplistic expression used above. 

The model proposed by Campbell et al. [60,61] studies the 
effect of magnetization on the FAR. Calculations, based on this 
model, yield the following expressions for FAR at low temperatures 

[195]: 

^=>'Ca-l) + 3/5 + i 


(3.8) 
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(3.9) 

(3.10) 

(3.11) 


o » o 

and are the residual resistivities for the spin-up and 
spin-down electrons respectively, X' is the local spin-orbit 
coupling constant, A is the virtual bound state width, is the 1 
= 2 phase-shift. X is the average value of the spin-orbit coupling 
constant in the d-band, and is the exchange energy that splits 
the d.^ and dj, bands. For the present series of alloys, X' « A, and 
therefore /5 can be neglected, and the value of r estimated from a 
number of experimental data [195], is taken as 0.01. Therefore 
Eq . (3.8) can be rewritten in the form 


^ = r ( d - 1 ) . (3.12) 

The above equation has been used as a criterion for determining 
whether a given alloy is 'weak' or a 'strong' ferromagnet. A weak 
ferromagnet has holes in both the d.}. and dj, bands, while a strong 
ferromagnet has holes only in the dj, band. Therefore, a weak 
ferromagnet will have ^ p%, since s-d scattering is permitted 
for both directions of spin, but a strong ferromagnet will have p® 
» p^, because s-d scattering dominates in the spin-down band but 
is forbidden for the spin-up band, as there are no d.^ electrons at 
the Fermi surface. Thus for strong ferromagnets Ap/p will be 
large. In known strong ferromagnetic systems ( crystalline NiCo ), 
Ap/p can be as high as 15 %. 
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We calculate the value of and from the above set of 
squations to see if, in the above context, the present samples can 
3e described as weak or strong f erromagnets . From Eqs. (3.9) and 
;3.10) we get the following relations: 


md 


pj (x) = P°(x) 

P° (x) = P°(x) 


U)] ^ 2 j 

( X ) ] + 1 


7here (x) 


o 

Pt 


o 

p^ 


, o 

( Pt + 


p! ) 


o 

( 1 + a ) 


(3.13) 


(3.14) 

(3.15) 


ind p^ is the value of the residual resistivity at 11 K. We choose 
;hree samples at the extreme ends of composition, viz., Al, A4, 
ind A5 . The results are tabulated below. 



o 

P 

(pCl cm) 

o 

P4. 

(pO cm) 

o 

Pt 

(pO cm) 

o 
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a = 
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Pt 

Ap/p 

(X 10'® 
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144 

285 

281 

1.05 

48 

A 

220 

442 

438 

1.01 

10 

i5 

244 

505 

471 

1.07 
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f we follow the above criterion for identifying them as weak or 
itrong f erromagnets, then the absolute values of Ap/p being small, 
nd the values of a =2 i indicate that these samples are weak 
erromagnets. The value of a does not exhibit any change with the 
eplacement of Ni by either Cr or Mn. It remains at a value 1 
hich implies that p^ ^ Pt« i-©-. holes exist in both the spin-up 
nd spin-down bands. However, this description does not agree with 
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the conclusion drawn from other observations. Sample Al, till the 
lowest temperatures, remains a pure ferromagnet as the and dc 
magnetization results show. The magnitude of the high-field slope 
1/p dp/dH of this sample is large at room temperature and it 
progressively decreases as the temperature is lowered. It nearly 
becomes zero at T 100 K, below which it is weakly positive. If 
it would have been a weak ferromagnet, then at low temperatures, 
we would have observed a large susceptibility together with a 
large value of -1/p dp/dH. We do not observe both these features. 
Kaul and Rosenberg [65] concluded from the MR studies on 
Fe Ni B alloys that the Ni-rich alloys are weak f erromagnets . 

X 80~X 20 

They observed a large value for these alloys. But the MR 
results do not show the expected large negative high-field slope. 
This behavior, they suggest, arises from the large positive 
contribution to the MR due to Lorentz force, which obscures the 
real MR behavior. The present results can be similarly viewed. The 
positive contribution to 1/P dp/dH at T < 50 K can be associated 
with the Lorentz force. This actually makes the real MR behavior 
look different. On the basis of these arguments, similar to 
Fe Ni B alloys, these alloys may also be viewed as weak 

X 80-X 20 

f erromagnets. We are not extending the above argument to sample A4 
and A5, as sample A4 shows a large positive 1/P dp/dH at all 
temperatures and the low temperature phase of A5 is not a pure 


ferromagnetic one. 



79 


The Ferromagnetic Anisotropy of Resistance and the High-Field 
slope - Temperatxtre dependence 

In Fig. 3.12(a) we plot the FAR vs T/T^ of samples A1 - A4 . 

The FAR is zero at T„ for theses samples. The MR above T is 

c 

positive in both the orientations, very small, and shows a 
Kohler-like quadratic behavior. Below T^, the FAR develops 
indicating the presence of spin-orbit coupling and exchange-field 
at this temperature. The FAR increases with decrease in 
temperature. The growth is much larger in A1 than in A2, A3, and 

A4 . The decrease in FAR with increasing temperature can be 
understood in a semiquantitative manner using Eq. (3.11). At low 
temperatures the spin-up and spin-down bands are exchange-split 
and one of the bands is completely filled and therefore p"*" is 

large, i.e., a is large, which implies a large FAR. As the 
temperature increases thermal fluctuations compete with exchange 
splitting. This tends to equalization of the two sub-band 
occupations. This results in a fall in a and hence FAR. Bohnke et 

3/2 

al. [186] observed that the FAR exhibits a T temperature 


dependence . 

The present 

results, however, do 

not 

show 

such 

temperature 

dependence . 

Figure 3.12(b) shows 

the 

plot 

of 


high-field slope (1/p dp/dH) vs T/T^ for samples A1-A4. The slope 
of Al decreases with increasing T/T^. The magnitude of the slope 
is large and comparable to those of the other amorphous 
ferromagnetic samples. The negative MR observed after saturation 
has been explained on the basis of localized as well as band 
models [65]. In the former model, this effect is caused by the 
reduction in electron-magnon scattering as the field increases. 
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Fig. 3.12 (a) Variation of FAR with T/T^ of Al. A2, A3, 
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(b) Variation of 1/P dp/dH with T/T^ of Al, 
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Both temperature and magnetic field affect the magnon number. At 
low temperatures, the number of magnons is small and therefore the 
high-field slope that one observes is generally low. As the 
temperature increases the magnon number increases and therefore 
the slope increases. However, this argument is contested by 
Rajaram et al. [78]. They estimate the number of spin-waves 
reduced in an external magnetic field of 40 kOe and find that it 
is 28%, 38%, and 70% at temperatures of 100, 50, and 10 K 
respectively. This means that the number of spin-waves reduced is 
the largest at the lowest temperature and therefore the high-field 
slope in the MR should be largest at the lowest temperature. This 
is in contrast to the previous argument and also the general 
experimental observations. In the band model the negative slope is 
related to the slow increase of magnetization above saturation. 

The values of the slope for samples containing Cr are large 
and comparable to that of Al in magnitude but are of opposite 
sign. The curve beyond the saturation is not strictly linear and 
has a small quadratic contribution. We fit the high-field part of 
the MR data to an equation of the form 

^=a + bH + cH*. 

P 

Such non-linear behavior in MR has been observed in 5’®8o-x^^x®2o 
for X ^ 20 alloys [39]. It is observed that in alloys with x 2: 20, 
the MR varies non-linearly with the field and show a strong 
temperature dependence. It consists of a positive term showing a 
weak temperature dependence and a negative term with a strong 
temperature dependence. However, the observations in the present 
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set of alloys are different from this in the sense that the 
coefficients of both the linear and the non-linear terms show 
temperature dependence. The coefficient of the term is smaller 
than that of the linear term by a factor of 100, b increases with 
increasing temperature and is maximum around T^. It has a very 
weak temperature dependence but near it increase very sharply. 
This effect is observed in all the three Cr-containing samples. 
The magnitude of b at any given temperature increases with the 
increase in Cr concentration. This result, i.e., increase in 1/p 
dp/dH with Cr concentration, is in good agreement with the 
observation of Wang et al. [72] on Fe-Cr-B system. They observe 
'S'that 1/p dp/dH increases while the saturation magnetization 
decreases with the increase in Cr concentration. The decrease of 
^ saturation magnetization is related to the increase of 

antiferromagnetic Fe-Cr pairs. Therefore, the increase in the 
positive high-field slope is closely dependent on the 
antiferromagnetic interaction between Fe and Cr. Since c is very 
small compared to b, the high-field slope may be identified with 
the linear term alone in our case. Then a similar conclusion may 
be drawn from the present observation that the increase in Cr 
content increases the antiferromagnetic coupling between Co and 
Cr. The quadratic term, similarly, has a pronounced minimum at 
around the respective T 's. This also increases with the increase 
in the concentration of Cr. However, since the coefficient of the 
quadratic term is small, the errors introduced are relatively 
large. The above observation is summarized in Figs. 3.13 and 3.14. 
Fig. 3.13 shows the variation of b versus T/T^ for samples A2-A4 
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Fig. 3.13 Variation of the coefficient of linear tern 
(b) of Eq. (Ap^/p = a + bH + cH ) with T for 
sanple A3 (Fej^Co^j^Mi^Cr^^B^ ^Si^^ ) . 
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Fig. 3.14 Variation of the coefficient of quadratic tern 
(c) of Eq. (Apyp = a + bH + cH") with T for 
sample A3 (Ee^jCo^^Ni^Cr^^^B^^Si^^ ^ - 
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and Fig. 3.14 shows c versus T/T^ of the same samples. The figures 

show that the coefficient b exhibits a maximum and c a minimum at 

the respective T^'s. This points out a strong effect of the 

magnetization on the MR behavior of these samples. At T » T ^ the 
2 

H dependence may be associated with the same type of behavior 
observed in non-magnet ic samples. The magnitude of c, in the 
paramagnetic region, progressively decreases as we go away from 
T^ . This may result if short-range order does not vanish totally 
at T and persists at temperatures sufficiently away from T . The 

u C 

Curie-Weiss type of behavior in these materials is also found to 
hold at temperatures far away from T^, indicating the existence of 
short-range order well above T^. 

In Fig. 3.15 we show the plot of Ap_l/p at H = 10 kOe vs T/T^ 
of samples A2 - A4 . It shows : (1) Apj_/p at given temperature 

increases with increase in concentration of Cr. (2) A peak at T/T^ 
0 . 9 which is most pronounced for sample A4 . There is no data 
point exactly at T^ and therefore the peak shown may be slightly 
shifted away from T^. The value of Ap_l/p falls sharply at T>T^. 
This behavior is similar to that found in the rare-earth 
containing amorphous alloys but is very different from the Fe-Cr-B 
alloys [72], eg., Fe-Zr [86,87]. In this alloy, the MR is found to 
be positive and it shows a peak at T ^ T^. In the Fe-Cr-B alloys 
APjl/P progressively decreases with the increase in Cr 

concentration. The positive values of the MR of these alloys are 
explained by the coherent exchange-scattering model of Asomoza et 
al. [88] and Bhattacharjee and Coqblin [89]. These theoretical 
models predict a contribution to the resistance which depends upon 
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the coherent exchange scattering from spins separated by distances 
less than the electronic mean free path. This effect is due to the 
interference of electrons scattered from spatially separated 
exchange fields of the magnetic moments and is sensitive to the 
spin-spin correlation function of the scattering moments. This 
model predicts the form of the resistance as 

P oc exp ( i(2JCj,) . (R - R') ) <S^,S^ > 
where k is the Fermi vector, S and are the spin vectors of 

Jr R K 

the magnetic moments situated at R and R' . When the susceptibility 

2 

X is small, the term <S^.S^^> is approximately equal to M . The 
exponential term in the above equation is identified with the 
partial structure factor of the magnetic ions. This model, thus, 
predicts that the MR should be proportional to the square of the 
magnetization for temperatures much greater than or less than T^. 
It can be of either positive or negative sign depending on the 
sign of the partial structure factor. In Fig. 3.16 we show that 
the proportionality holds good for the present samples where we 
plot Ap/p vs M* for A4 at two temperatures, one greater than and 
the other less than T^. The peak in Apj_/p at T^ (Fig. 3.15) is due 
to the increase in susceptibility at T ^ T^. A qualitative 

explanation to our observations is thus given in terms of the 
above model. In the absence of concrete theoretical studies on 
this type of MR behavior, it is difficult to draw more 
conclusions. Our interpretations are also limited by the inability 
to measure M vs H at different temperatures accurately. 
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particularly above the saturation where the change in 
magnetization is very small. Due to the relatively large noise, 
the small change in magnetization could not be reliably measured 
with the VSM. Therefore it is difficult to correlate further the 
magnetization and magnetoresistance- measurements . 

Magnet oresistaxtCG - Effect of Electron - Electron Interaction and 
Localizat ion 

The positive MR observed in A2 - A4 is discussed on the basis 
of the predictions of the weak-localization and interaction 
theories. Since the temperature dependence of the zero-field 
resistivity of these samples fits very well into the predictions 
of these models [27], it appears very reasonable to calculate 
their contributions to the MR. 

The temperature dependence of the zero-field resistivity of 
these metallic glasses could be fitted to -VT at the lowest 
temperatures, -T at the intermediate temperatures and -VT again at 
higher temperatures. The -VT observed at the lowest temperature is 
ascribed to the interaction effect and the -T and -VT at 
intermediate and high temperatures to the localization effect. The 
coefficients obtained from these fits agree well with those 
obtained in non-magnet ic samples, and the effect of ferromagnetism 
does not appear to alter the temperature dependence in this case. 
While discussing the MR we take into account the large internal 
field ( 400 T [39] ) in the case of ferromagnetically ordered 
materials. The various equations (Eqs. (1.33) - (1.44)) obtained 
are for systems where magnetic long-range order does not exist. 
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and one finds good agreements with the experimental results in 
such systems. When these equations are actually used to find the 
contribution from these effects in ferromagnetic systems, the 
internal field, has to be incorporated. The theory of 
Coulomb interaction by Lee and Ramakrishnan [51] predicts that the 
high-field MR is positive and varies as VH (Eq. (8)). Olivier et 
al. [39] suggested that H, in this equation, needs to be replaced 
by H = H. , + H where H is the applied field and H « H. . Then 
the MR can be approximated by [39] 


P 


where 




g .P, 


2 h D H. 


r ] 


H 


X^=‘(F) 






< 0 


is the interaction constant of the triplet term (d=l), and F is 
the bare screening parameter. The above equation shows that the MR 
varies linearly with the field when H « H. , . Using a value of 

|H.^J > 50 T, D 3 X 10'= mVs and |X^=‘(F)1 ^ 8/3 and p = 124 

pO cm for sample Fe^ Cr_B , the calculation yields 1/p dp/dH 
7.8 X 10"® T~^ [25]. The experimentally obtained value, 25.8 x 
10~® T"*^, differs only by a factor of 3. Maj [197] argued that the 

choice of X(F) ^ 8/3 was incorrect and, if used as a parameter, 

would yield a value of F>15 which is large but not unphysical. Maj 
suggested that the observed positive slope in ribbons 

with 5 ^ X ^ 15 is in quantitative agreement with the theoretical 
predictions of Lee and Ramakrishnan [51] but not with the 

conclusion of Olivier et al. [39]. On the same line of argument. 
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as given by Maj [197], we calculate the slope and compare it with 

the experimentally measured value. All the three samples show 

similar behavior, so we choose one of them. From the temperature 

dependence of the resistivity we obtain D = 3 x 10~^ mVs for A3. 

Using p = 160 X 10 ® and ^ 50 T and X as a parameter we 

obtain Ap/p ==X x 3.9 x 10 Suppose we take the fit to a + 

2 2 

bH + cH , which gives the best x value at 11 K. We assume that 
the coefficient of the linear term originates from the 
electron-electron interaction; its value is found to be 33 x 10”^* 
T On equating it with the calculated value we get X 9 from 

which we obtain F > 15. This is consistent with the value obtained 
by Maj [197]. The experimental values of the coefficient of the 
linear term for samples A2 and A4 are 22 x 10“° and 44 x 10“° T“V 
respectively and they would not change the value of X and F 
drastically. This coefficient ^Cb_^. however, shows a significant 
temperature dependence as against the observation of Olivier et 
al. [39] where no temperature dependence of this coefficient was 
observed. If H. ^ is assumed to be zero, then Ap/p varies as VH. 
This behavior is observed in non-magnetic amorphous alloys. 
However, then the present results would be difficult to explain as 
Ap/p of the samples vary linearly with H. 

At higher temperatures (T>120 K), the MR is still positive 
and the slope is still higher. As previously noted, the 
coefficient of the linear term increases with temperature till the 

ferromagnetic T 's of the respective samples. In the region above 

c 

20 K for these samples, the zero-field resistivity has been 
interpreted in terms of the localization effects. In the 
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non-interacting case, a positive MR is observed when the spin-orbit 
coupling is large (Eg. (1.37)), and the applied field H « If here 

too we replace H by = H + then we obtain 


Ap 

P 


0.605 e 

c P 

8 rr fi 


[ 


fi H. 


i.nt 


] 


1/2 


H 


This modification then shows that Ap/p is positive and varies 
linearly with H. Taking a = 1 [92], and = 50 T, as before, 
and P 2= 160 x 10~® Om as the value of p changes by only about a 
percent between room temperature and 8 K, we obtain Ap/p =1.65 x 
10~^ T~^. The experimental values at 50 K, ~ 37 x 10 ^ T *, is 
very much larger. This discrepancy between the observed and the 
calculated results may be due to the wrong choice of the value of 
a. If a is taken as a parameter, as has been done by Sas et al. 
[198], to explain the MR behavior in Ni-Cr-B alloys, then we 
obtain a = 20. This value is of the same order as obtained by Sas 
et al [198] viz., cx cs 5.2. The positive MR, obtained with the 
introduction of Cr in paramagnetic Ni-B alloy, is explained on the 
basis of weak localization effects with strong spin-orbit 
scattering. They calculate IT and ss; 7T. A negative term, 
ascribed to the magnetic effects, could also be found in these 
alloys. The influence of the magnetic impurities on the 
localization effects has been studied by a number of authors [52, 
92, 198, 200]. The magnetic impurities destroy the electron 
interference and therefore reduce the MR due to localization. A 
physical picture has been put forward by Bergmann [53], who 
studied the influence of deposition of a layer of Fe on Mg film 
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and found strong deviation in the MR behavior from the theoretical 
one. The reduction in quantum correction to MR due to magnetic 
impurities destroys the phase-coherent back-scattering responsible 
for weak localization . This introduces an additional term, given 
by a characteristic field B , in Eq . (1.33) with 

S 

= jIr- = ISF “ J” s (S + 1) 

8 

where is the spin-scattering probability, O is the average 
atomic volume, c is the atomic concentration of magnetic 
impurities, J is the exchange integral, N(Ej^) is the density of 
states at the Fermi level and S is the spin of the magnetic 
impurity . 

The other contribution arises from the field and temperature 
dependence of the single-site magnetic scattering. The states 
available to the impurity spins progressively decrease with 
increasing field giving a magnetoresistance (6p/p) as 

mag 

calculated by Beal-Monod and Weiner [199]. This introduces a 
correction to Eq . (1.33) given by 


Ap 

z 

P 


c J A' (Ot* ) 


where c is a constant, J is the exchange interaction between the 
spin s of the conduction electron and the spin S of the magnetic 
ion , 

A' (o') = <S^> [ ooth I' - I 1 

t sinh 2 ■' 
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and a' = gu H / k T 

JB B 

H is the magnetic field and <S„> = s B^(sa) where is the 

Brillouin function. This equation gives a MR which is proportional 
to -B^ at low fields and saturates at high fields. It is observed 
that the introduction of as little as 20 ppm of Mn in Mg^^Zn^^ 
[200] produces a MR which is comparable to that from quantum 
corrections at 6 T. However, Beiri et al. [92] contest this 
suggestion and infer from measurements on 

Cu Lu Gd that the theoretical estimate of the 

50 4P. 5 0-5 

spin-scattering probability rj' is much larger than the 
experimentally observed one. 

In summary, the MR, Ap/p, at all temperatures for samples 
A2-A4 is positive. It varies non-linearly with H. The best-fit is 
obtained when the data are fitted to an expression of the form a + 
bH + cH^, where the coefficient (c) of the H^-term is two orders 
of magnitude smaller than that of the linear term (b). Both b and 
c show temperature dependence. The coefficient (b) attains a 
maximum value at T^ whereas the coefficient (c) shows a minimum. 
The value of the MR and the slope at any given temperature are 
found to increase with the increase in Cr concentration. The value 
of b at the lowest temperature is in agreement with the prediction 
of the model based on Coulomb interaction if the internal magnetic 
field H. of these materials is taken into account. However, at 

vni 

higher temperatures, the localization effects explain the 
temperature dependence of the zero-field resistivity as well. The 
observed slopes are much larger than those obtained by taking into 
account the spin-orbit coupling. The H^- term, we find, is present 
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in all the Cr-containing samples and also in A1 (x=0) at the 

lowest temperature. At the lowest temperature the quadratic term 

in H is more pronounced. This is because the electron-magnon 

scattering in ferromagnets is very small at T « and so the 

coefficient of the H-term associated with this scattering 

decreases as we lower the temperature and it becomes negligible at 

T < 100K. The positive coefficient, observed for T < 50K in this 

alloy, is associated with the Kohler-like behavior for normal 

2 

metals. The values of the coefficient of the H -term in all these 
samples are of the same sign and nearly the same magnitude ( " 5 x 
10~^ kOe * )indicating a common origin. It may be attributed to a 
non-magnetic origin as this value compares well with the value of 
this coefficient obtained in the paramagnetic region, T > T^, of 

some of these samples. But it is not clear as to why this 
coefficient should decrease as temperature is increased and attain 
a minimum at T ^ T^. The change in b at T ^ T^ is not that 
significant so as to make the quadratic component insignificant. 

Ma^njetoresistanjc& of A5 and B5 : Correlation between Magnetization 
and Magnetoresistance 

The MR measurements in both A5 and B5 show a large anisotropy 
in low fields characteristic of ferromagnetic domain structures. 
At low fields, the longitudinal MR ( Apjj / p ) is positive and the 
transverse one ( Ap^ / p ) is negative even at the lowest 
temperature of 11 K giving a positive value for the FAR. Figs. 
3.17(a) and 3.17Cb) show the ferromagnetic anisotropy of 
resistance ( FAR ) and l/p(dp/dH) respectively of A5 and B5. The 
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Fig. 3.17 (a) Variation of FAR with tenperature of 
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magnitude of the FAR is small (0.07%) as compared to the 
crystalline as well as other amorphous materials [58]. At high 
temperatures the FAR decreases and becomes negligible near their 
respective T^'s, where the magnetization disappears. At lower 
temperatures, however, if it were only the FM phase then the FAR 
should have marginally increased or if it were only the SG phase 
it would have dropped to zero. Contrary to this, we observe that 

I 

the FAR has a tendency to decrease below 60 K which is also the 
region where there is a large drop in x- Similar behavior in FAR 
is reported in FeZr system [201] albeit from low-field 
extrapolation. The high-field extrapolation does not yield this 
structure. The high-field slope ( 1/p (dp/dH) ), obtained from 
fitting the present MR data between 3 and 16 kOe to a straight 
line, is negative for both orientations at all temperatures below 


T„ for B5. The 

magnitude of the slope 

in 

A5 

is 

smaller and it 

crosses over to 

1 small positive values 

as 

Tc 

is 

approached. The 

slope in the -l 

orientation is larger 

than 

in 

the 

II orientation. 


The large negative slopes indicate that not all spins are . aligned 
even at 11 K. The high-field slope in conventional ferromagnets is 
more negative as one approaches T^. This is caused by less 
electron-magnon scattering as the magnetic field quenches the 
magnons more effectively at higher temperatures and so this 
negative MR is expected to be small at low temperatures. However, 
B5 behaves like a conventional FM between 160 and 300 K. There is 
a significant increase in the magnitude of the slope below 120 K. 
This measurement was repeated on a different piece of sample but 
from the same batch and the same results were obtained. The 
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temperature below which there is an increase in the slope 
correlates with the fall in X- This result is similar to that 
observed in AllFe C 19 at.% ) alloys [96] where a minimum is 
observed at around 100 K in -1/p (dp/dH) versus H plot. They 
argued that in the region below 100 K, the spins begin to break 
away from FM order and acquire random uncorrelated components 
which results in an increase of the high-field dc-susceptibility 
and hence the increase in -1/p (dp/dH) below 100 K. Susceptibility 
measurements above technical saturation of the present samples 
also show a non-zero susceptibility at lower temperatures. In the 
region above T^, the MR shows Kohler-like behavior. Thus the MR 
results correlate with the results of x and dc-magnet ization 
measurements. The presence of FAR even at 11 K indicates the 
existence of FM order, but it remains nearly constant ( as a 
matter of fact, it shows a small increase with the increase of 
temperature ) till about 60 K coinciding with the temperature 
below which there is a large drop in x. This behavior is different 
from those exhibiting pure FM order where FAR decreases with 
temperature as in sample A1 ( see Fig. 3.12(b) ). The slope is 

more negative as temperature is lowered, a behavior in contrast to 
that seen in normal FM but which agrees with the picture of 
spin-freezing and the associated rise in ( above technical 

saturation ). Thus we are able to conclude from these results the 
coexistence of FM and SG phases in both the Mn-containing glasses. 
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3.3 Magnetization 

Curie Temperature CT^ J> and Magnetic Moment 

The T^'s of samples A1-A5, and B5 have been measured by 
low-field ac susceptibility ix ) and dc magnetization methods. 

CIC 

The values obtained from these measurements (for some of these 

samples ) agree within ± 0.5 K and are between 170 and 400 K. The 

highest value of 400 K is obtained in sample A1 and the value of 

T_ decreases following the addition of Cr or Mn. Figure 3.18(a) 
c 

shows the nature of decrease of the T„. Initially the decrease of 
the T^ is much more rapid than the later additions of Cr. On an 
average, the decrease is about 8 K/at.% Cr. This trend is similar 
to that observed in Fe-Ni-Cr-B-Si glasses [202] . The rate of 
decrease of T^ is much more rapid, about 20 K/at.% TE ( where TE = 
V, Mn, Cr, and Mo ) in Fe-based glasses containing Cr [178] and V, 
Mn, Cr, and Mo [116,203]. The present value is also much smaller 
than the rate of decrease of about 97 K/at.% Cr observed in 

Co„^ Cr B,^ glasses [116]. The sharp fall in T^ with the addition 

of Cr implies a loss of magnetic exchange interactions, which may 
be due to the antiferromagnetic coupling of Cr atoms. The complete 
replacement of Ni with Mn in this series (sample A5) does not, 
however, lower the T^ as much as observed in the case of A4 where 
Cr almost fully replaces Ni. 

The magnetization at 0 K, M(0), of the samples are obtained 

from the extrapolation to 0 K of the M(10 kOe, T) data from which 

the magnetic moment per atom (^) is calculated. The variation of 

the magnetic moment with the addition of Cr is very similar to 

that of T and is shown in Fig. 3.18(b). The decrease is rapid at 
c 
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Fig. 3.18 (a) Variation of Curie temperature (T^) with Cr 
concentration (x). 

(b) Variation of average magnetic moment per atom 
(u) with Cr concentration (x). 
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low concentration and is slower at higher concentrations. However, 
due to the lack of data points at low concentrations, not much 
emphasis could be laid on this observation and therefore, while 
calculating the dT^/dx and d/J/dx, single straight lines passing 
through majority of data points are considered. The values of 
and the magnetic moment are tabulated in Table 3.5. With the 
addition of Cr, the rate of fall of ^ with concentration (x) of Cr 
is ~ -1 /J /at . % Cr. If it is assumed that B and Si do not 
contribute to the moment of the sample and only the transition 
elements do and then the magnetic moment/transition element atom 
is calculated, there too the value of dA^/dx comes to -1 Ai^/at.% 
Cr. Contrary to the behavior observed in samples with Cr, the 
replacement of Ni with Mn raises the magnetic moment 

significantly. Similar behavior for the variation of the magnetic 
moment with Mn and Cr has been observed in (T = Fe, 

V, Cr, Mn) glasses [116,140]. It is found that the magnetic moment 
of Co„ T B..^ glasses increases up to 6 at.% of Mn and then it 
decreases [140]. These results are explained on the basis of the 
idea of the virtual bound states (VBS) [116]. The increase in 
magnetic moment with small addition of Mn appears to be a feature 
encountered only in amorphous systems. Magnetic moment variation 
in crystalline Co-Mn system shows a monotonic decrease of the 
moment from 1.7 for Mn = 0 to 1.34 for Mn = 8 at.% [204]. 

A qualitative discussion of the above results are given on 
the basis of the VBS model. According to this model, a five 
fold-degenerate 3d.|. virtual bound state is lifted out of the 3d.,, 
band near the impurity due to its repulsive potential. If the 
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TABLE 3.5 

Composition, Curie temperature (T^), magnetization at 0 K (M(0)), 
spin-wave stiffness constant (D(0)), average magnetic moment per 
transition metal atom (^), and the coefficients B and C_ , (Eq. 

3/2 5/2 

1.20) for samples A1 - A5, and B5. 


c 

<K) 


D(0) 


D(0)/T 


B 


3/2 


5/2 


C /B 

5 / 2 ^ 3/2 


(meV a‘) (meV A^/K) 


M(0) iJ 

emu/gm) (u/TH 
atom) 


A1 

400 

101.5 

0.24 

0.48 

0.02 

0.04 

59 

0.62 

A2 

267 

74.8 

0.28 

0.51 

- 

- 

48 

0.50 

A3 

222.5 

55.7 

0.25 

0.65 

- 

- 

45 

0.47 

A4 

174 

46.0 

0.26 

0.66 

- 

- 

41 

0.42 

A5 

300 

95.2 

0.32 

0.26 

0.42 

1.60 

77 

0.80 

B5 

370 

97.8 

0.26 

0.35 

0.65 

1.86 

75 

- 

Fe 

1043 

286 

0.27 

0.12 

0.04 

0.33 

- 

- 

Co 

1394 

- 

0.25 

0.17 

- 

- 

- 

- 

Ni 

631 

397 

0.63 

0.12 

0.15 

1.25 

— 

_ 
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majority-spin 3d^ VBS remains below the Fermi level (E^), then the 
solute affects the moment because of the difference in populations 
of 3d'*'-band relative to that of the host. In this case, an 


equation of the form 


u - u . ~ 

^ ^matrix B 


(3.16) 


where Z is the valence difference between the solute and the host, 
is obeyed. If fhe potential of the solute is sufficiently 
repulsive, then the majority spin VBS moves above the E^. and five 
3d.^ electrons are transferred to 3d4, states, thereby reducing the 
average magnetic moment by 10 in addition to the valence 
difference. Thus in this approximation 


u = u , - (Z + 10)cp( . 

^ ^matri-x » 


(3.17) 


Therefore, in this case ? = dfj/dc = -(Z + 10). The parameter -(f + 

Z) is a good indicator of the position of the majority band. If 

+ Z) is equal to zero, Eq. (3.16) is followed , or in other 

words, the majority 3d^ band lies below the Fermi level. If -iK + 

Z) = 10, then Eq. (3.17) is followed where distinct VBS appears 

above E . When -(? + Z) == 5, which is the case in Cr-containing 
F * 

samples, it is suggested that the Fermi level E^^, intersects the 


3d.^ VBS. 

In the present samples if Z is taken as ^ -3.5 (Cr in Co-Hi 
system) and ? = -1 then -(? + Z) =5; 4.5 which is roughly the same 

as obtained in system [116], This implies, in the 

above model, that the Sd^ VBS intersects the and thus explains 
the observed fall in the magnetic moment with the addition of Cr. 
However, a direct calculation of Z from Eq. (3.17) yields [dM/dx = 
4 10)1 Z = -9- This result is in disagreement with the 
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expected value of ^ -3.5. The increase in the moment of the alloy, 
on replacing Ni by Mn, shows, using the above model, that the 
majority-spin band is filled and below the there are 

minority-spin holes only. Due to the non-availability of alloys 
with lower Mn concentration, one cannot really say if the maximum 
in the moment versus concentration curve has been reached or not. 

Dobrzyuski et al. [136] studied the variation of magnetic 
moment in (Co^ ^ Ni Fe^ alloys. They found that 

with the increase in y the average magnetic moment per transition 
metal atom decreased. Our sample Al 

(Fe Co Ni ) B Si is very near to their composition 

0.07 0.7 O. 23 72 12 

with y = 0.23. But the value of the magnetic moment and T^ 
reported for y = 0.23 alloy are about 0.9 and 500 K 

respectively and are not in good agreement with 0.62 u and 400 K 
respectively for Al. This disagreement may probably be due to the 
higher content of metalloids in Al. However, if an alloy is chosen 

which has a T^ ^5: 400 K, i.e., for y = 0.35, its ^ 0.68 is 

comparable to that of Al. From the Mossbauer studies on the same 
alloys it is reported that for alloys with y ^ 0.4, the magnetic 

moment of iron is ( 1.73 ± 0.03 ) . This is used along with the 

magnetization data to infer that - 0.12 Compton scattering 
and hyperfine interaction studies [205] by the same group reveal 
that the earlier assumption of Ni carrying zero moment is not 
true. Using these values, we make an attempt to calculate the 
magnetic moments of Co and Cr in our alloys. In Al, since = 0, 
subtracting the contributions of Fe and Ni using the above values, 
we find the contribution of Co to be 0.67 With the knowledge 
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of the moments of Fe, Co, and Ni, we calculate the moment of Cr in 
A2, A3, and A4 . tfe assume in this calculation that the fall in 
moment with the addition of Cr is solely due to the moment of Cr 
and in the process the moments of Fe, Co, and Ni do not change. 
Under this assumption, the calculation shows that Cr has to be 
attributed with -1.5, -1.34 and -0.85 u in A2, A3, and A4 

respectively. The negative sign means that the moment on Cr is of 
opposite sign to those of Fe, Co, and Ni. From similar arguments 
extended to Fe-Ni-Cr-B-Si alloys [202], -4u is attributed to Cr 

B 

atoms. Hasegawa and Kanamori [206], based on a study of Fe-Cr 
system in the coherent potential approximation (CPA), show that Cr 
atoms carry about -0.75 w in the low Cr concentration and then 

B 

the moment progressively decreases and becomes zero at 50 at.% Cr . 
The study also shows that, under the same conditions, even the Fe 
moment decreases. The theoretical results are in good agreement 
with the neutron diffraction data. Thus our assumption that the 
moments in Fe, Co and Ni remain constant may not be quite 
justif ied . 

Another approach of explaining the above results is on the 
basis of the charge-transfer model [207] . This model explains the 
observed decrease in magnetization by the s-p electron transfer 
from the metalloid atoms to the 3d bands of the transition metals. 
Based on this model the magnetic moment of the present alloys can 
be written as 

u - X U + y u +Z/J.+P/J +q u , - 6 ” h w . , 

where x, y, z, p, q, g, and h are the concentrations of Fe, Co, 
Ni, Cr, Mn, B and Si respectively and ft their respective moments. 



108 


We assume that the contributions from B and Si to the total 
moment, to be the same as given in Ref [208]. Thus we write 

P = 0.05 X 2.2 + 0.5X 1.7 + ( 0.17 - p ) x0.6 + p/J^^ - 
0.59 ( 0.16 X 3 + 0.12 X 4 ), 

where p is the concentration of Cr. For p = 0, this calculation 

gives, Jj = 0.496 u / atom which is in fair agreement with that 

0 

obtained from the measurements on A1 ( 0.5 / atom ). With the 

0 

addition of Cr we calculate from the above relation and find 
= -0.83, -0.59, and -0.45 for A2, A3, and A4 respectively. The 
values of the moments of Cr, obtained from this method, are also 
in agreement with the theoretical calculations of Hasegawa and 
Kanamori [206]. In the case of A5, we rewrite the above equation 
as 

M = 0.05 X 2.2 + 0.15 X 1.7 + 0.17 x 

M n 

0.58 ( 0.16 X 3 + 0.12 X 4 ) 

If we equate the above equation with the observed value of 0.645 
obtain = 1.48 . This value is not in agreement with 

that obtained by Krishnan et el. [208] on 

^^° 0 .s» 75 ^® 0 . 025 ^ 7 B^^A 2 ^i <5 ^ ~ ' Measurements on 

another sample with higher Mn concentration (Mn„) by the same 
group [209], using the above simple expression leads to u , = 1.4 

. This suggests that the Mn moment decrease with increasing Mn 
content. However, it is argued [209] that this inference is wrong 
as NMR results establish that the moments at the Co and Mn sites 
are independent of the Mn content of the alloy in the range of 
compositions studied. The observed decrease in moment of the alloy 
beyond Mn^ is attributed to the reduction in the moment of the Fe 
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atoms. The same study also points to another important conclusion 
that the Mn-Co interaction is strongly ferromagnetic and overcomes 
the Mn-Mn nearest neighbor antiferromagnetic interaction. If we 
extend this argument in the present case we are able to explain 
the increase in moment on substituting Ni with Mn . This also means 
that Mn-Co interaction is much stronger than the Ni-Co 
interaction. The calculated value of is in agreement with the 
value obtained in Co-Mn-B [141] and (Co^ 

[209] alloys. The above study brings forth the basic difference 
between Mn and Cr in their interactions with transition metal 
hosts . 

TemperatMTe Dependence of Ma^etization 

The magnetization data taken at H = 10 kOe are analyzed in 
terms of the spin-wave and other contributions to the thermal 
demagnetization of the samples A1-A5 and B5. The analysis is 
extended up to T 0 . 5 T^ as it is well known that in amorphous 
ferromagnets the range of spin-wave analysis can be extended to 
temperatures as high as 0.8 T^. A least-squares fit method was 
used to differentiate between the various fits. 

We find that in samples containing Cr ( A2, A3, and A4 ), a 
fit to Eq . (1.19) containing both T^'^^ and terms yields a 

51/2 

negative coefficient for the T term. The negative coefficient 

2 

seems to be unphysical. The x value does not change appreciably 

5/2 4 > 

with the inclusion of the T term. Similarly, inclusions of T 
or T and T terms, in addition to the T , result in negative 
coefficients for the higher terms. This shows that M(T) of these 
alloys, within the experimental resolution of the present 
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3/2 

measurements, are best described by a T term arising from the 

2 S5/2 

q term in the spin-wave dispersion relation and the T term is 
negligibly small. Figure 3.19 shows the plot of M(T)/M(0) vs T/T^ 
of these alloys. The solid lines are the best fits to the data. 
The coefficient B of this term is observed to increase with the 
increase in Cr. The spin-wave stiffness constant D(0) is obtained 
from the coefficient B (Eg. (1.24)) and is observed to decrease 
with the increase in concentration of Cr. The value of D(0)/T^ 
remains nearly constant at (0.265 ± 0.015) meV / K ( Table 3.5 
). 

5/2 

In sample A1 ( without Cr ), inclusion of a T term, in 

3/2 2 

addition to the T , does not change the x value appreciably but 

5/2 3/2 

gives a T term which is of the same sign as the T term but 

of magnitude 10* times smaller ( Table 3.6 ). The coefficient 

obtained is, at least, an order of magnitude smaller than that 

observed in Fe-B-C alloys [128]. A comparison of the value of 

3/2 

D(0), obtained from the T term, with an alloy of similar 

composition [136] having a T ^ 400 K, shows that our result is in 

c 

agreement with theirs of 100 meV A^. We have also attempted to 
observe the effect of the inclusion of other terms in the fit. The 
addition of another term due to single-particle excitations would 
involve too many parameters. So we have tried to see the effect of 
the other terms in place of the T term. A very marginal 

improvement in x value is found when, apart from the T term, 

another term due to single-particle excitations is incorporated, 
with A 0 ( Eq. (1.31) ), i.e., T exp (-A/k^T). In this 
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Fig. 3.18 Nomalized nagnetization M(T>/M(0) versus T/T^ 
of sanples A2, A3, and A4 

(Fe Co^ Cr Si^^, x = 5, 10, and 15). 

The data of A4 are displaced along the vertical 
axis. The solid curves are fits of the 

experinental data to Eq. (1.19). 
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Table 3. 6 


Fit of AM/M(0) (= MCT)-M(0)/M(0) ) to various equations for samples 
Al, A5, and B5. 


(a) 

(b) 

(c) 


-BT 

- CT®"'"^ 

- exp(A/kT) 






B 

C 

A/k 


2 


( K 

-3/2 ^ 

f IT -3X2 

( K or 

( K ) 






B--5/2 . 







K ) 




Al 







(a) 

6.1 

X 10"® 



7.3 

X 10"^ 

(b) 

6.0 

X 10"® 

6.3 X 10"*^ 


7.2 

X 10"^ 

(c) 

6.0 

X 10 ^ 

2.6 X 10"= 

270 

7.2 

X 10"^ 

A5 







(a) 

8.7 

X 10"® 



3.2 

X 10"** 

(b) 

5.1 

X 10"® 

2.7 X 10"^ 


4.3 

X 10"'^ 

(c) 

7.6 

X 10 ® 

3.3 X 10'* 

400 

3.1 

X 10"'^ 

B5 







(a) 

9.1 

X 10"^ 



1.0 

X 10"® 

(b) 

5.0 

X 10"® 

2.5 X 10"^ 


6.0 

X 10"’’ 

(c) 

1.3 

X 10"® 

1.1 X 10"* 

75 

1.1 

X 10"’’ 
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analysis A is taken as a parameter and is obtained from the 
best-fit method. Inclusion of this term does, not affect the 

9/2 

coefficients of the T term and gives a value of A 2 :: 270 K. The 
coefficient of the single-particle term is only a factor of 2 

3/2 

smaller than that of the T term ( Table 3.6 >. The value of A 
obtained for Ni, from the saturation magnetization data, varies 
between 156 and 743 K [138] and the coefficient of the term 

—5 -* 3/2 

between ( 0.5 and 6.2 ) x 10 K . Similar analysis on 

Fe Ni B _Si„alloys shows that the Stoner gap A varies between 

20 and 60 K. We find that, in the case of Al, the choice whether 

the deviation from the term is to be attributed to the 

term or to the Stoner single-particle excitations is difficult to 
2 

make from the x values alone. However, we choose the fit with the 

5/2 

T term as it gives consistent results for all the samples as 
shown below. 

In contrast to the behavior observed in Al, in A5 a term in 

3/^2 !5 y 2 

addition to the T , of the form T decreases the x value by an 

order of magnitude, thus showing a clear necessity for an 

• 5/2 

additional term. The coefficient of the T is smaller than that 

3/2 

of the T term by a factor of 100. Figure 3.20 shows the plot of 
M(T)/M(0) vs T/T^ of samples Al, A5, and B5. The continuous line 
is the best-fitted curve and the coefficients are given in Table 
3.6. The lowest x^ is again, as in Al, for the fit with the 

exponential term. The value of A obtained in this case is 400 K 
and the value of the coefficient is larger by a factor of 4 than 

3/2 

the coefficient of the spin-wave term (T ). The value of 

D(0)/T^, obtained from this fit, is in agreement with those 
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Fig. 3.20 Nornalized magnetization M(T)/M(0) versus T/T 
of samples Al, A5, and B5 




Mn 5 (BSi) 22 » respectively). The solid lines ar 
fits of the experimental data to Eq. (1.19). 
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obtained for samples A1 - A4 . Again, as in Al, we have chosen only 
the T term. The marginal improvement of z with the inclusion 
of the single-particle excitations may be due to more number of 
parameters, or it may actually be present. But in the absence of D 
values obtained independently from other measurements we do not 
interpret our data on the lines of the Stoner excitations. 

5/2 3/2 

Similarly, in B5 a T term, in addition to the T , is 

found to be necessary to obtain a good fit. The coefficient of the 

additional term is two orders of magnitude smaller than that of 

3/2 

the T term. Here too, the exponential term when included gives 
2 

the best z value. However, the value of A obtained is ('' 71 K) 

considerably smaller than those obtained for samples Al and A5. We 
also find that in this sample the coefficient of the spin-wave 
term is small giving rise to a large value of D(0) and the ratio 
of D(0)/T^ is also considerably larger than those in the other set 
of samples. Another feature, found in both the samples A5 and B5, 

is that a two-term fit with A - BT^ gives a good fit with 

2 3/2 

comparable z values. Addition of a T term to this results in 

only a marginal improvement of z^ ■ Puznaik et al. [210] found 

that, in Co-rich Co-Si-B alloys, a fit of the form A - BT^'^^ - CT^ 
best describes their results. However, they suggested that the 
origin of the T^ term is not due to the single-particle 

excitation. They noted that the Co-based alloys are best described 
as strong ferromagnets and the T* term in their study is 

associated with the small value of the mean-square dispersion A of 
the exchange integral 

To summarize, we find that the magnetization of (i) 
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Cr-containing samples ( A2 - A4 ) is described by the T term 

alone and (ii) Al, A5, and B5 also consists of a second term of 

5/2 3/2 

the form T in addition to the T term. 

It is seen that to compare various values of the coefficients 
B and C with widely varying T^'s, it is better to write them in 
the form of B^^^ = B and = C ( Eg. (1.20) ). We find 

that B„^, varies between 0.26 and 0.66. The value of B„ varies 
with in different ways in the Cr and Mn-containing samples. It 
decreases with decreasing in Mn-containing samples in agreement 
with the observation of Kaul [131] but in Cr-containing samples it 
increases. Since the values are varying over such a wide range it 
is difficult to compare with the theoretical calculations [211] 
based on Heisenberg model of localized spins. Similar large 
variation in the values of is also reported in Co-B-Si alloys 

[212]. The theoretically calculated value for B^^^ is 0.587 and 
0.512 for S = 1/2 and S = 1 respectively. It was found that 

ferromagnetic glasses are much better described by this model than 
the corresponding crystalline alloys. As in other amorphous 
ferromagnets the value of B^^^ considerably large as compared 
to the value of about 0.12 found in crystalline Fe, Co, and Ni. 

The magnitude of is about an order of 

magnitude larger than those reported in Fe- and Ni-rich metallic 
glasses [127,131,135]. The theoretically predicted value is found 
to be 0.156 and 0.195 for S = 1/2 and S = 1 respectively. Since 

the value of C is very small, the error is also relatively large. 
The ratio of C/B gives the range of the exchange interaction ( Eg. 
1.25 ) It is found that in Al the range is of the order 
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lA whereas in A5 and B5, it is about 7.5 A. Magnetization study on 
crystalline Ni-Fe-Cr alloys [144] suggest that the introduction of 

5/2 

Cr suppresses the anharmonic term (T ). We find that the 
coefficient of this term is very small in Al. With the 
substitution of Cr ( A2 - A4 ) this coefficient may be further 

3/2 

suppressed and this might explain the observation of only the T 
term in these samples. 

Figure 3.21 shows the plot of D(0) versus T^. There exists a 
correlation between D(0) and T^. D(0) is found to decrease with 
decreasing T^. The plot shows that through the data points a 
straight line could be drawn which will also pass through the 
origin. Kaul [131] suggested that D(0), as a function of T^, can 
be represented by an empirical relation 

D(0) = + m T^ , 

where and m are the intercept and the slope of the straight 
line. Extensive data on Fe-Ni amorphous alloys having T^ down to 
temperatures ^ 30 K show that ^ 0 [131]. It is found to be ( 
27 ± 2 ) meV A^ . Luborsky et al. [213] found three sets of data 
which give a linear dependence between D and T^ corresponding to 
(1) Fe-B-X (2) Fe-Ni-B-P and (3) Co-X in increasing order of D. 
For (1) extrapolation to zero D occurs at "" 380 K, for (2) at 
about 200 K and for (3) at about 0 K. Similar observations have 
also been made in Co-B-Si alloys [212]. These extrapolations, 
however, suffer from the drawback, as pointed out by Kaul [131], 
that the extrapolation are from large values of T^ 400 K. 

For a nearest-neighbor cubic ferromagnet the Heisenberg model 
gives the expression for T_ as [118] 
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[ 2 S ( S + 1 ) / 3 ] z J , 

where J is the exchange coupling constant between nearest neighbor 
pairs, S is the localized atomic spin, and z is the number of 
nearest neighbors. D is related to J by 
D = SzJa^/3 , 

where a is the nearest neighbor distance. D, then, is written as 
D = C kg a^ / J_( S + 1 ) 3 . 

The above expression shows that D versus should be a straight 

line which passes through the origin. Kaul [131] calculated the 

values of the slope as 0.14 and 0.187 meV K ^ for S = 1 and S = 

1/2 respectively using a = 2.55 A. We obtain the value of the 

2 —1 

slope '■0.25 meV A K which is somewhat higher than the above 
values . 

In summary, the Heisenberg model explains the temperature 
dependence of magnetization of the present series of alloys. The 
samples with Cr are adequately described by the T term alone. 
The coefficient of this term increases with the increase in Cr. 
The sample without Cr and the one containing Mn show the presence 

55/2 

of a T term. The values of D<0)/T_ vary between 0.2 and 0.3 meV 

C 

2 —1 

A K . The plot of D(0) versus T^ shows that a straight line 
could be drawn through the data points and it also passes through 
the origin as predicted by the Heisenberg model. 

Low-Field ac Sxisceptibility Measurements 

The X measurements of samples A1 to A4 show a behavior 
characteristic of a ferromagnet. The susceptibility rises in the 
PM-FM transition and then remains constant limited by the 
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demagnetization value as the temperature is lowered. On 
substituting Ni by Cr the magnitude of x decreases and the 

ferromagnetic transition temperature ( T ) decreases 

— - — ■ — c 

monotonically from 395 to 180 K. The nature of x , however, shows A 
no change except for a small decrease of x as the temperature is 
lowered. Figure 3.22 shows the plot of x of samples A1 - A4 and ^ 
summarizes the above results. On addition of Mn ( A5 and B5 ) the 
PM-FM transition is observed at higher temperatures but as the 
temperature is lowered ( T < 120 K ) there is a large drop in x 

from the demagnetization limited value (Fig. 3.23). At T^0 K 

there appears a shoulder and below 20 K the susceptibility drops 

further sharply. At 16 K the value of x is only 5% of its value 

etc 

at 80 K. Similar observations of a decrease in x upon lowering of 
temperature have been identified with a ferromagnetic to a 
spin-glass transition [147, 149, 214, j 16] . This reduction in x is 
interpreted as a restraint on the infinite ferromagnetic cluster 
response due to the freezing of finite clusters at lower 
temperatures [2] . An external dc magnetic field will suppress the 
ferromagnetic response and will modify the x(T) behavior. In Fig. 
3.24 we show the effect of various external coaxial dc fields on 
A:(T) for sample A5. Application of small dc magnetic fields 
modifies the ;t(T) behavior and a peak could be seen at 
temperatures around 30 K. However, in the present case the 
application of a field as small as 13.8 Oe (Curve C) suppresses x 
and it has to be magnified 10 times to see the flat peak around 50 
K. Here it differs from AuF e alloys where a sharp structure could 
be observed at T^ even at 1.5 kOe. In the presence of external dc 
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fields peaks in x are known to exist near PM-FM and FM-SG 

transitions [142]. They are supposed to arise as a result of x 

becoming zero for both large and small M. Scaling laws, which 

describe the peak heights against H, also hold good for the lower 

( FM-SG ) transition as a result of which the peaks shift to lower 

temperatures with the increase in field. This can be observed also 

in our results (Fig. 3. 24) where the peak at 70 Oe (Curve D) is 

sharp but is at a lower temperature compared to the broad peak at 

13.8 Oe. To corroborate these findings dc-magnetization 

measurements (Fig. 3.25) were made with a Faraday balance in 500 

Oe field and a distinct peak is observed at 30 K in the 

zero-field-cooled state. This temperature below which M drops, 

signaling the onset of the partial breakdown of lon g-r ange order, 

is designated as the spin-freezing temperature M also 

exhibits a time dependence characteristic of a SG phase at 5 K in 

a measuring field of 10 Oe . The inset of Fig. 3.25 shows M against 

log t measured with a SQUID magnetometer. The data show that the 

decay of M is slower than log t and can be better described by a 

power law ( oc t '^). However, measurements at 19 K do not show any 

time dependence. Arrott-plots ( not shown ) at 19 K and above are 

2 

linear and has a large positive intercept on the M -axis 
indicating the presence of long-range order (LRO). The results of 
B5 are identical to those of A5 and are not shown here. They 
establish that the system undergoes a PM-FM transition at a higher 
temperature and undergoes a second transition at T . This phase 

xy 

is to be identified with the mixed-phase as envisaged in the GT 
model [215] where FM long-range order ( large dc-susceptibility at 
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500 Oe and Arrott plot ) in 2 direction coexists with frozen in 
transverse spin components ( x very small and time dependence of M 
). 

From the phase diagram given by Miyazaki et al. [149] for 
(M = V, Cr, Mn, Ni) alloys, it is found that 
substitution of Fe by Mn raises T (^^0 K) considerably as 

xy 

compared to Cr, V, anchNi. Though no explanation is put forward 
for this particular behavior, our results also indicate that the 
T of Cr-containing samples, if any, is at a much lower 

xy 

temperature . 

3.4 Critical Exponents 

A. Arvalysts 


The critical exponents describing the ferro- to paramagnetic 
transition are obtained from the following relations: 


M = B ( T - T^ )^ , 

for T < T^ 

(3.18) 

X - T ( T - T^ )“^, 

for T > T^ 

(3.19) 

and M = D H 

at T = T^ > 

(3.20) 

where B, r, and D are the 

critical amplitudes. 


The three exponents among 

themselves are related 

by the scaling 

relation [216] 

(3 6 = ft + r . 


(3.21) 


There are several methods of obtaining the exponents from the 
above relations [163]. Our method of analysis is as follows: From 
the low-field a: measurements, we obtain ;t as a function of T for 

CIC 

T > T^ . From the demagnetization corrected value of a: ( 
demagnetization factor 2 = 0.01 ), Y obtained from the 
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Kouvel-Fisher plot [217]. In this plot, relation (2) is expressed 
as 



The slope and the intercept of the plot of the function X(T) 
provides y ,, and respectively. This method has the advantage 
that a prior knowledge of T^ is not essential. A 3-point 
derivative of ;t ^ is taken thus smoothing the data over a small 
region ( 100 mK ) . The values of Y^f^ and T^ with the 

uncertainties are obtained using a least-squares fit program and 
are given in Table 3.7. The results of this analysis is plotted in 
Fig. 3.26, which shows X as a function of £ {= (T - T_) / T ), 

for samples A2 and A3. In this figure the data for sample A2 are 

displaced along the vertical axis and therefore they do not pass 
through the origin. However, the data for A3 are not displaced and 
hence they pass through the origin. A sample of Metglas 2826A ( 

Allied Chemicals ) was also measured to verify the results as its 

values of y and T^ exist in the literature [218]. We obtain for 

sample 2826A, y = 1.35 and T_= 225.3 K where the range of analysis 

c 

is confined to £ - (3 . 15-47 . 5)xl0''® . The values are in good 

agreement with those reported. The T obtained by the KF method 

Ct 

matches with that obtained by the derivative method, except for 

the sample A4. In A4, the T differs by about 7 K between these 

c 

two methods. 

From the dc-magnetization measurements the values of ft, 
Y, and <5 are obtained. A plot of In M vs In H is made at T^. 
Figure 3.27 shows the plots for samples A2 and A3. The values of 6 
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Table 3.7 



Values 


<5, and of 

A2, A3, and 

A4. 


Method 

■ A2 

A3 

A4 

Heisenberg 






3D [170] 

T^(K) 

ACS 

1 267.0(1) 

222.3(3) 




VSM 

1 268.1(8) 

222.5(7) 

174.0(8) 


a 


0.2 

-0.2 

-0.7 



VSM 

0.35(1) 

0.41(1) 

0.52(3) 

0.365 


ACS 

1.19(1) 

1.38(2) 

- 

1.387 

[Range 

£ X 10® 

2.2-25 

3.1-32 

- 


of fit] 






^eff 

VSM 

1.19(2) 

1.30(3) 

1.73(6) 


6 

VSM 

4.42(1) 

4.49(5) 

4.32(14) 

4.803 

B 


38.7 

44.7 

57.7 


^”1 






r 


10,000 

11,600 

15,800 


M(0) (emu/gm) 

48.1 

44.7 

40.8 


^ (A'a/atom) 

0.42 

0.38 

0.34 



VSM: Vibrating Sample Magnetometer; ACS: ac Susceptibility; 
Calculated from Rushbrook inequality, a = + obtained 

from scaling analysis; s - (T-T^)/T^ . 

The numbers in brackets indicate the uncertainty in the least 
significant figure and are obtained from the confidence limits of 
the best-fitted parameters of the least-squares fit. 
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are estimated from the slopes of these straight lines. For sample 
A4, the slope near was strongly temperature dependent. In the 
absence of M(H) data exactly at T = 174 K, 6 was plotted as a 
function of temperature, over an interval of 8 K around T^, from 
which the value of <5 at 174 K was obtained. The values of <5 for 
the three samples are given in Table 3.7. We find that 6 of sample 
A4 (2 s 4.2) is slightly lower than those of A2 and A3 4.45) and 

also the error in it is relatively large, which may partly be due 
to the extrapolation procedure adopted. To estimate we consider 
the Arrott-Noakes equation of state [219] 


■ H ■ 

1/r 

r T - T 1 


r M I 


. w 


[ J 

"T 

L mJ 

> 


with the material parameters and T^. With proper choices of f3 
and r, a plot of vs gives a set of straight lines 

near T„ . The intercepts on the and axes give and 

X respectively. Using Eq. (3.21) an equivalent form of this 
graph (not shown) could be plotted between vs H/M. Near T^, 

the data points fall on a straight line. The low-field data points 
deviate from the straight line. From the intercepts of the 
high-field data of the isotherms near T_, extrapolated to H = 0 ( 

Cl 

H corrected for demagnetization ), we obtain . The Kouvel-Fisher 

S 

method of analysis allows us to obtain ft and T_ by rewriting Eq . 

c 

(3.18) in the form 
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The plot of '/ versus T is a straight line whose intercept and 
slope give T and p respectively. However, Y versus -£ is plotted 
in Fig. 3.28 where the data for samples A3 and A4 are displaced 
along the vertical axis and therefore they do not pass through the 
origin (unlike A2). The values of ft obtained are in the range 0.35 
- 0.52. The exponent in the range T > T^ is obtained from ^ vs 
H/M plots. The high-field intercepts on the H/M axis provides 1/x 
at different temperatures. Then, using the method of Kouvel and 
Fisher, r and are obtained. The values of y and T^ (within 1 K) 
agree with those obtained from the low-field x measurements 

OC 

[Table 3.7], The analysis has been confined to a narrow region of 

temperature around T . As we go farther away from T , the 

c c 

curvature in the plots increases to such an extent that it becomes 
difficult to make a linear extrapolation. Due to this restriction 
the region beyond the asymptotic critical regime has not been 
analyzed . 

The magnetic equation of state is a relationship among the 
variables M, H, and T. Using the scaling hypothesis, this can be 
written as 


M (£:,H) 




In terms of the variables m = ^ M(£,H) and h = H(£,M), 

called the scaled magnetization and scaled magnetic field 
respectively, the above equation can be written as 
m = f+(h). 

This relation shows that m, as a function of h, falls on two 
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curves: one for T < T_ and the other for T > T . If the scaling 

c c 

relations are valid and a correct choice of P, r, and <5 are made, 

then in a plot of In m vs In h, all the data points collapse onto 

two branches (Figs. 3.29(a)-(c)) . Due to the relatively higher 

uncertainty in all the exponent values of sample A4 (see Table 

3.7), the plot for this sample (Fig. 3.29(c)) is not as 

satisfactory as those of the A2 and A3 (Figs. 3.29(a) and (b)). 

For large values of In h, the data may be fitted to a straight 

2 

line, the slope of which is 1/^. It is still better to plot m vs 
h/m to verify the scaling relations [163]. Figures 3.30(a)-(c) 
show this plot for A2, A3, and A4; the data points only above 
= 2 kOe have been shown in the figure. They also show that the 
scaling equations are valid over a wide region of temperature both 
above and below T^. The intercepts on the axes give m^ and h^/m^. 
These are related to the critical amplitudes B and r in the 
following manner: 

B = m^ , T < T^ 

and r"‘ = ( h^/m^), T > T^ . 

These values are included in Table 3,7. h^ is identified with the 
effective exchange interaction field. 

B. Discussion 

Table 3.7 summarizes the values of T^,, ft, r, and <5 obtained 

for samples A2, A3, and A4. With the substitution of Ni by Cr, the 

T decreases monotonically by about 8 K/at.% Cr. The value of <5 
c 

remains nearly the same for the three samples but is lower than 
the theoretical estimate of 4.8. It is found that this exponent 
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varies in the range 2.8 - 6.8 for amorphous ferromagnets [163]. fS 
exhibits a small concentration dependence, though in the case of 
A2 and A3, it is closer to the Heisenberg value of 0.365. The 
experimentally determined values are more in the vicinity of 0.40. 
But A4 has a value of (3 which is higher than those of A2 and A3. 
The value of r is the most-often experimentally determined 
quantity and is normally used as an evidence for or against the 
various theories. The sample A2 shows an uncharacteristically low 
value for r- The value for A3 matches with the 3D Heisenberg 
value. With further addition of Cr (A4), r increases to ^1.73. 
Thus, while we observe that, with the addition of Cr, the 
coefficients ft and r increase beyond the uncertainties associated 
with them, the changes in the exponents are relatively small in 
the case of A2 and A3. Their values are closer to the 
theoretically estimated ones for homogeneous systems. For sample 
A4 (large Cr) the exponents ft and r are significantly larger and 
different from those of A2 and A3. In all these alloys the indices 
obey the scaling equation of state over the whole range of 
temperature. Assuming that the Rushbrook inequality holds good, an 
estimate of the value of the specific heat exponent is made. It 
gives a = 0.2, -0.2, -0.7 for A2, A3, and A4 respectively. 

It is observed that there exists a significant curvature in 
the M(H) plots for all the three samples at T > T^. In the case of 
A4, the curvature is seen to exist even beyond 1.4T^. In the case 
of A2 and A3, the region up to only 1.15T^ could be studied. The 
non-linearity in M(H) curve, beyond T^, is known to arise due to 
superparamagnetic clusters. In a structurally disordered material 
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there is a tendency towards the formation of localized clusters of 
strongly interacting moments giving rise to superparamagnetism 
[220]. One of the other criteria for superparamagnet ic behavior is 
that a plot of M vs H/T should give a universal curve. In our 
studies, though a large curvature is observed, it does not show 
the universal nature. Similar behavior is also observed in other 
Ni-rich alloys [221] and is attributed to the formation of 
clusters which are not independent of temperature, and interact 
among themselves. One plausible explanation for the deviation of 
the indices in sample A4 from those of a homogeneous system could 
be the existence of these clusters. The presence of clusters in 
Cr-containing samples have been inferred from specific heat 
[173,222] and neutron diffraction measurements [223]. It is also 
found that the presence of Cr smears the transition. In addition, 
neutron scattering measurements on Fe-Cr and Fe-Mn based glasses 
[223] show that the spin-spin correlation length ? does not 
diverge at T^. In general, the influence of disorder is not 
observed in the true critical region, the reason being that as 
T-»T_ there are strong correlations in the spin system and all 
spins within a range described by ?(T) interact cooperatively and 
the effect of disorder on a length scale smaller than ?(T) is 
reduced [171]. The effect of disorder is observed only at higher 
temperatures where ?(T) becomes small compared to atomic scale 
inhomogeneities. Thus, the non-divergence of f(T) at T^ due to the 
presence of clusters may be responsible for the anomalous behavior 
of the exponents in A4 . Alloys near x % x^ also exhibit similar 


values of exponents. 
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From the present measurements v?e are able to conclude that 

the presence of quenched disorder does not lead to significant 

change in the exponents as evident from the results of A2 and A3. 

The exponents do not match exactly with the theoretical values but 

are in conformity with other experimental results. This difference 

in the theoretically predicted and the experimentally measured 

values has been discussed [163,224] and is attributed to the 

presence of long-range interactions in the system. We find that in 

sample A2 and A3 the exponents ft and r increase with the addition 

of Cr but the increase is relatively small. The exponents are 

closer to the theoretically estimated values for homogeneous 

systems. However, in A4 the values of the exponents ft and r are 

large and significantly different from those of A2 and A3 and are 

very similar to those observed in compositions close to the 

critical concentration. Recently, Houer and Wagner [225] have 

shown that deviations from Heisenberg values need not be limited 

to compositions close to the critical concentration and may be 

observed in materials which are further away from x . 

c 

3,5 High-Ten^erature Magnetization 

The alloys studied are A1 - A4. The magnetization behavior as 
a function of temperature of sample A1 is shown in Fig. 3.31. The 
large drop in magnetization (plotted in emu) at ^ 400 K indicates 
the ferromagnetic (FM) to paramagnetic (PM) transition temperature 
(T ) of the amorphous phase. The transition is fairly sharp and 

O ( 

the paramagnetic tail touches the zero magnetization line. This | 

1 

shows that the whole amorphous matrix goes into the paramagnetic | 



Fig. 3.31 The Magnetization M as a function of tenperature of 
sauple A1 CFej 5 COj.^Ni^^B^^Si^ 2 ) in H = 30 Oe. The arrows 
indicate the heating and cooling cycles. 






state and that there are no other secondary phases which have 
at higher temperatures as observed in some FeB alloys [226]. 
magnetization remains nearly constant till about 660 K, beyon^ 
which it again begins to increase. This is an indication of 
growth of a crystalline phase which has a at a much highei 

temperature. On increasing the temperature further, th£ 

magnetization increases continuously till 960 K beyond which 
becomes nearly constant. The continuous increase in magnetizat ion 
between 660 K and 960 K shows the growth and formation of one or 
more crystalline phases, which are magnetic and have T^ > 1000 K. 

The crystallization temperature (T^) is denoted here as the 
temperature at which the magnetization just begins to increase 
after the FM-PM transition (amorphous) has taken place. In this 
case it is 660 K. This measurement gives a much lower value for 
than that obtained from DTA studies on similar systems. The 

indication of an exothermic peak in DTA studies is taken as an 

evidence for crystallization and by this method the T^ of 

FejjCo^o ^^^®^25 obtained as 773 K [174] and for 

Co Ni FeB Si as 797 K [227]. This suggests that the 

58 lO 5 1<$ 11 

reduction of the concentration of Co lowers the value of T 

X 

significantly. The magnetic moment of the final crystallized 
phases here is almost as large as in the amorphous phase. On 
lowering the temperature the moment remains nearly constant at the 
1000 K value. This is a signature of the system behaving as a 
strong FM. One of the characteristics of a strong FM is that the 
magnetization is independent of the structural details and so the 
moment remains the same in both the amorphous as well as the 
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crystalline phases [103] which is the case here. 

The x-ray diffraction (XRD) patterns (Fig. 3.32) of the 
crystallized samples show the presence of the following phases: 
cubic Co, Co^B, Co^Si and Ni^Si^. Because of the complex nature of 
the present samples, quantitative estimation of the various phases 
crystallized are difficult to make from the XRD pattern alone. The 
presence of the various phases are identified by matching the d 
values with those given in the literature [228]. An attempt is 
made to identify the major crystallized phases from the nature of 
the magnetization data. The nearly constant magnetization curve 
between 500 and 1000 K indicates that the major crystallized phase 
is Co as it has a T^ 1385 K. This inference is in agreement with 
the work of Wang and Meng [227] on a similar system 

where, from calorimetric studies, it is 
concluded that at 797 K the major phase which crystallizes has the 
same structure as elemental Co with a different lattice parameter 
and the phases which crystallize at 938 K are Co, Co^B, and Co^Si. 
However, the fractions of Co^B and Co^Si, as compared to cubic Co, 
are very small because the T_ of these phases are 783 K and 857 K 

c 

[229] respectively, and their presence in large quantity would 

have significantly altered the M(T) curve. 

Figure 3.33(a) shows the M(T) curve of sample A2 (x = 5). 

With the addition of Cr, the T^ goes down to 260 K and the T^ 

increases to 700 K. The addition of Cr is known to increase T^ and 

decrease T in Fe-based metallic glasses [175] . The 
c 

crystallization behavior is nearly identical to that of sample Al. 
The final phase is ferromagnetic as is evident from the large 



150 140 130 90 80 70 60 42 

Diffraction Angle, 20 (degrees) 

Lg. 3.32 The x-ray diffraction patternsof Al, A2, A3, and A4 

lines correspond to the following identified phases. A: 
Cubic Co, B: COjjSi, C: ^ijSi^. Co^B, E: 

Fe Hi B , F: Cr B, G: Cr Co Si, U: Unidentified. 

4. S 10-5^ 2 35 



M (emu) 


0.011 


0.007 


0.004 


0.002 h 


0 

0.024 


0.016 


0.008 


0 

500 600 700 800 900 1000 

T(K) 

Fig. 3.33 The nagnetization M as a function of tenperature of 
sanples A2, A3, and A4 x = 5, 

10, and 15) in H = 30 Oe. The arrows indicate the 
heating and cooling cycles. 







149 


moment. The crystallized phases are identified as ( from XRD ) 
cubic Co, Co^B, and Co^Si. The differences between the XRD pattern 
of this sample and that of A1 are the absence of Ni Si and the 

5 2 

strong unidentified line at 2© = 42.1° for A2. While heating, the 
change in curvature of the magnetization curve around 800 K can be 


identified with the growth of 

Co,B 

2 

phase. 

which 

becomes 

more 

distinct with 

further addition 

of Cr, 

as in 

A3 and 

A4. 

In 

the 

cooling cycle 

the rise at about 

670 

K, however. 

could 

not 

be 


associated with the T_ of the precipitated phases. 

c 

With further addition of Cr (x = 10), the magnetization 

behaves differently from those of A1 and A2 as shown in Fig. 
3.33(b). The T^ of this sample is 222 K and the T^ is 712 K. 
Beyond this temperature the magnetization rises and around 800 K 

the change in the curvature is identified with the formation of 

Co^B. Around 900 K, the magnetization becomes constant. This is 
because the increase due to the crystallization is compensated by 
the fall due to the T^ of Co„Si. The final crystallized phase is 
ferromagnetic and is evident from the large value of the moment. 
In the cooling cycle, there is a sharp rise at 885 K. In this 
region M was constant during the heating cycle. The magnetization 
changes by a factor of about 3 between 930 and 500 K. The final 
phases are identified as cubic Co, Co^Si, Co^B, and Cr^B. With the 
increase in Cr we find, from the character of the magnetization 
curves and the XRD patterns, that the final phase gets depleted in 
cubic Co and becomes richer in Co^Si and Cr^jB. In the cooling 

cycle, the rise in magnetization by a factor of 3, is to be 
attributed to the significant amount of Co^Si and Co^^B present in 
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the matrix and a small amount of paramagnetic Cr B. 

2 

The M(T) curve of sample A4 (x = 15) is shown in Fig, 

3.33(c). This has a T^ of 180 K and a T^ of 712 K. Addition of Cr 
increases the T^ by about IX from 660 K (Al) to the present value 
of 712 K. But we observe that in another sample where Ni is 
replaced, instead of Cr by Mn ( fe^yCo^^Mn^^B^^Si^^ ), the T^ goes 
to 900 K. The effect of Mn in increasing the T^ is much larger 
than that of Cr. In the heating cycle two distinct and 
reproducible humps could be observed in Fig. 3.33(c). These are 
around the same temperatures ( 800 and 900 K ) as in A2 and A3 
where they arise due to the T„ of Co„B and Co Si phases. In this 
sample the discontinuities become more prominent and may also be 
associated with the formation of Co^B and Co^Si phases. But in 
contrast to samples A2 and A3, where there is an evidence of Co^B 
phase in the XRD pattern, the corresponding lines are absent in 
the XRD pattern of this sample. In the cooling cycle, however, no 
such structure is observed near these temperatures. The final 
phase must be a paramagnetic one because the moment is only 0.0016 
emu and on cooling to 500 K the moment rises by a factor of about 

15. The curvature of the cooling-curve is also different from 

those of the earlier figures and M varies more like 1/T as in a 
paramagnet. The final crystalline phase consists of CrgCo^^Si^ and 
Cr B, in addition to cubic Co and Co Si. 

2 Z 

In conclusion, this study shows that the nature of the 

crystallized phase changes significantly with the replacement of 

Ni by Cr. The major phase which crystallizes in Al is cubic Co. 
The nature of the magnetization curve shows that the other phases 
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present are small in quantity. A2 behaves in a similar manner as 

Al. In the cooling cycle of sample A3, distinct appearance of 

of Co Si is observed. The magnetization grows continuously as the 
2 

temperature is lowered. This nature of the magnetization curve is 
explained as due to the presence of both ferromagnetic and 
paramagnetic phases in nearly equal amounts. In A4, the final 
phase is paramagnetic and consists mostly of Cr^Co^Si and Co^Si. 



CHAPTER IV 

Conclusions 


CaJ> Eloctrical Resistivity 

We have studied the electrical resistivity of a cobalt-rich 
^ and 15 and 

, designated as A1-A5 ) amorphous system which 
is ferromagnetic and at the same time shows resistivity minima at 
relatively high temperatures. We find that with substitution of Ni 
by Cr/Mn decreases while T . and p increase. The temperature 
dependence of the resistivity for sample A1 (x = 0) above T . and 

m t n 

T<T , has been explained in the framework of the diffraction 

model, taking into account the magnetic state of the material. The 

magnetic term varies as T and not as T as predicted 

theoretically [36]. The magnetic T^ term could be distinguished 

from the structural term only at high temperatures. This result is 

in agreement with that of Kaul et al . [16]. An evidence of the 
2 

magnetic T term is found at temperatures even beyond T^, with the 
coefficient comparable to that at T<T^. 

In the region below T . <x > 0), we find that the 

in I, n 

conductivity varies as VT , T, and ■/! at low, intermediate and 
high temperature regions respectively, arising from the 
electron-electron interaction and localization effects. We show 
here for the first time, all the three distinct regions predicted 
theoretically. The coefficient of the VT term at low temperatures 
((400 - 1000) (Ci m)'* is in agreement with the universal 

value of 600 (O m)”* obtained by Cochrane and Strom-Olsen 
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[56] for non-magnetic systems with strong electron-electron 
interaction. Also, the diffusion constant of electrons and the 
density of states at the Fermi level of these materials are 
calculated from the above coefficients. 

The magnetic spin-disorder resistivity is found to be smaller 
than the electron-phonon term by a factor of about 1000. Hence we 
conclude that, on the basis of our analysis below T . in terms 

mt n 

of the localization theory, the resistance minima observed are of 
non-magnetic origin. 

CbJ> Magnetoresistance CMRJ> 

The MR of samples A1-A5 and B5 (Fe_ -Co_^ ,Ni ^Mn_(BSi)__) 
exhibit identical behavior in both the transverse and longitudinal 
directions. The ferromagnetic anisotropy of resistivity (FAR) is 
positive and is about an order of magnitude smaller compared to 
that of the Fe-B series. The magnitude of FAR decreases with the 
addition of Cr. A correlation between the magnetization and the 
FAR is obtained which shows that the FAR decreases with the 
average magnetic moment/atom. The high-field slope (1/P dp/dH), 

below T , of Al, A5, and B5 are negative. The negative slope in A1 

c 

is understood, in terms of the localized model, to be due to the 
result of reduction in the number of magnons as the field is 
raised. The magnon number also decreases with the decrease in the 
temperature and therefore in the ferromagnetic regime the 
magnitude of the slope is expected to decrease with the lowering 
of temperature which is in agreement with our observations. 

The MR behavior of samples A5 and B5 indicates that the FAR 
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nearly becomes constant below 60 K and the magnitude of the slope 
(1/p dp/dH) increases below this temperature. This oehavior is 
unlike that observed in normal ferromagnets where, as we lower the 
temperature, the FAR increases and the magnitude of the slope 
tends to zero. At T < 60 K, the low-field ac susceptibility also 
indicate a large drop from the demagnetization limited value. Both 
these results are interpreted as an indication for the onset of 
partial breakdown of long-range order. However, there exists 
long-range order even down to 11 K as the FAR gives a non-zero 
value. The time dependence of magnetization measured at 4.2 K and 
the low-field dc magnetization show the existence of 
spin-glass-like phase below 30 K. These two results together 
confirm that below 30 K the magnetic phase in these samples 
resembles the mixed phase as envisaged in the Gabay-Toulouse model 
where both the long-range order and the spin-glass phase coexist. 

The Cr-containing samples (A2-A4) exhibit positive slope at 
all temperatures and their magnitudes are comparable with those of t/' 


other amorphous materials. The plots of Ap/p versus H are not 

strictly linear but and are best described by an equation of the 

form Ap/p = a + bH + cH*. The ratio of c/b ^ 10 It is found 

that Ap/p increases with the increase in Cr content. The plot of 

Ap/p versus T/T , at a given field, show a pronounced peak at 
o 

their respective T^. This result is explained on the basis of the 

exchange-scattering model [88,89]. At temperatures away from T^ 

Ap/p varies as as predicted by this theory. The peak in Ap/p at 

T=sT is associated with the increase in susceptibility at T . The 
c 
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predictions of the electron-electron interaction and the 
localization effects in the presence of the spin-orbit coupling. 
The expressions used in these theories are modified by replacing 
the applied field H by an effective field, + H, where 
H. , is the internal field of the ferromagnet. A reasonably good 
agreement is obtained between the theory and the experimental data 
when this correction is incorporated. 

CcJ> Magnetization 

The magnetic moment and the T^ decrease identically with the 
addition of Cr. The variation of the magnetic moment with the 
addition of Cr and Mn is discussed on the basis of various models. 
¥e find that the rate of change of magnetic moment with Cr 
concentration ? = d/u/dx Js; -1. The fall in however, could not be 
described by the 'virtual bound state' model which gives ^/ = aj - 
(Z + 10) CAJ , where Z is the valence difference between the solute 
and the host. We obtain Z = -9 whereas actually it is about -3.5. 
However, a calculation, based on the charge-transfer model, does 
reproduce the observed average (0.5 A^^/atom). This calculation 
further yields i-i - -0.83, -0.59, and -0.45 for A2, A3, and A4, 
respectively. We also find that on replacing Ni with Mn, a^ 
increases. A similar calculation yields = 1.48 This result 
is thought to arise from strong ferromagnetic interaction between 
Mn and Co which overcomes the Mn-Mn nearest neighbor 
antiferromagnetic interaction. Spin-wave analysis is extended up 
to 0.5T^. Bloch's law adequately describes the temperature 
dependence of magnetization in Gr-containing samples. The 
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calculated spin-wave stiffness constant, D, decreases with the 
increase in Cr. In A5 and B5, additional terms of the form is 
found necessary. The results of the fit on including the Stoner 
single particle excitations are discussed. The value of D scales 
with T and the ratio D/T^ % 0.27 meV A^/K. ¥hen the D(T) curve is 
extrapolated to T^ = 0, within experimental error, it is found to 
pass through the origin. This result is in agreement with the 
Heisenberg model. 

CcD Critical exportjents 

The critical exponents ^ samples A2, A3, 
and A4 are obtained from ac and dc magnetization measurements. The 
influence of Cr on the critical exponents is studied. We find that 
the exponent <5 remains essentially the same (=»i.45) in all the 
three compositions. The coefficients and in the case of 
sample A2 and A3, exhibit a relatively small concentration 
dependence and the observed values are closer o the theoretically 
estimated ones for homogeneous systems. However, with increase in 
Cr concentration, for sample A4, these values are larger and 
considerably different from those of A2 and A3. These results are 
ascribed to the formation of magnetic clusters with increasing 
addition of Cr in these alloys. The formation of magnetic clusters 
leads to the non-divergence of the correlation function at T^ and 
consequently a different set of exponent values describes the 


results . 
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Ce^ High-TempGrainre Magnetization 

The crystallization study show that the nature of the 

crystallized phase changes significantly with the replacement of 

Ni by Cr. The crystallization temperature increases with the 

addition of Cr. The major phase which crystallizes in A1 is cubic 

Co. In sample A3, distinct appearance of Co^Si is observed. In A4, 

the final phase is paramagnetic and consists mostly of Cr^Co^^Si 

and Co,Si. 
z 
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Scope of Future Work 

1. The resistivity measurements of the present samples could be 
done till only 8K . It was found that in the narrow 
temperature range 8-20 K the electron-electron interaction 
described the temperature dependence of resistivity 

satisfactorily. It would be of interest if this study could 
be extended to still lower temperatures.^ 

2. The magnetoresistance measurements were limited to fields up 
to 17 kOe. This restricted the analysis of the 
magnetoresistance data of the Cr- and Mn-containing samples 
on the basis of localization and interaction theories. At 
high fields, » k„T, Ap/p varies as -VH due to 

localization effects. Since the present samples are 

ferromagnetic due to electron-magnon interaction, Ap/p would 
also vary as -H. To detect the presence of localization term, 
i.e. to differentiate between -H and -VH data is required 
over an extended region in field. 

3. The Hall effect measurements are very few compared to .those 

of other transport properties. This measurement in the 
present alloy system would supplement the present 

investigations of the zero-field resistivity and 
magnetoresistance . 

4. The study of M(H) for the present alloys would be of 

interest. The law of approach to magnetic saturation is known 
to be affected by the structural defects of amorphous alloys. 
Mixed phase characteristics would have been established more 
firmly if SQUID magnetometer was available. 


5. 
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